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Mitochondrial DNA (mtDNA) has long been believed to suffer greater endogenous 
oxidative damage than nuclear DNA (nDNA) because of its close proximity to the 
free radical generation sites in the mitochondria. However, the large variation among 
the damage levels published by several laboratories (mostly measured as either 8-
hydroxyguanine or 8’-hydroxy-2’-deoxyguanosine) has led most investigators to 
suggest that artefacts are formed in these studies. These possible artefacts have cast 
doubt on the validity of the various methods used to study DNA damage. The theory 
that mtDNA is more heavily damaged than nDNA therefore does not stand on firm 
ground. As mitochondrial DNA constitutes only 1% of the total cellular DNA, we 
have, in this study, obtained mtDNA of desired purity in order to make a valid 
comparison of oxidative damage between mtDNA and nDNA. Our data show that a 
possibility exists that mtDNA damage is not higher than nDNA damage, confirming 
the results of the previous study by Anson et. al. (1999). In contrast, we demonstrate a 
higher level of 8-OH Guanine in nDNA than in mtDNA. Three other lesions – Fapy 
Guanine, Fapy Adenine and 5-OH Cytosine were found to be statistically significantly 
higher in nDNA than in mtDNA.  
In view of the great variation among the reported damage levels, several possibilities 
of ex vivo artefactual oxidation have been suggested to explain the observed high 
levels of damage in mtDNA if the mtDNA damage has been overestimated. These 
include analysis of small quantities of DNA, cross contamination of nDNA and 
mtDNA and artefactual oxidation of DNA during isolation of mitochondria. Our study 
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shows that artefactual oxidation of biomolecules during isolation of mitochondria 
does not appear to occur. In the isolation of rat liver mitochondria, generation of 
hydrogen peroxide was not found to occur and artefactual oxidation of protein was 
observed to be minimal, if not absent. Nor was total DNA and lipid oxidation 
observed in tissue homogenate. Our results suggest that if rat liver mitochondria do 
produce ROS physiologically, these ROS are mostly scavenged by antioxidant 
defense systems and little or no H2O2 escapes to cause damage to biomolecules.  
Acid hydrolysis of DNA is commonly carried out to release DNA bases for analysis 
by GC/MS, but artefactual formation of DNA deamination products during this 
process has rarely been studied. In the study of DNA deamination, we demonstrate 
the occurrence of artefactual formation of 2’-deoxyinosine during the process of DNA 
hydrolysis by hot formic acid, and thereafter, developed an improved GC/MS method 
to detect and measure 2’-deoxyinosine. 
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CHAPTER 1 INTRODUCTION 
1.1 Reactive Species Derived from Oxygen and Nitrogen 
1.1.1. The Chemistry of Reactive Oxygen Species 
Molecular oxygen in the ground state contains two unpaired electrons in the outer 
shell. Although it is strongly oxidative with respect to its fully reduced form, water, 
its oxidative potential is normally held in check by kinetic restrictions that are 
imposed by its two unpaired spin-parallel electrons. The reduction of oxygen to 
water occurs through four electron oxidations by oxygen.  
Equation 1 O2 + 4H+ + 4e⎯ → 2H2O 
However, such reaction proceeds via one electron at a time and consecutive 
univalent reductions of oxygen produce superoxide (O2•  ⎯⎯), hydrogen peroxide (H2O2) 
and hydroxyl radical (•OH).  
Equation 2 O2 + e⎯ → O2•  ⎯⎯  
Equation 3 O2•  ⎯⎯ + e⎯ + 2H+ → H2O2 
Equation 4 H2O2 + e⎯ + H+ → H2O + •OH 
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O2• ⎯⎯ is a reactive oxygen species (ROS) itself. It is also a relatively stable 
intermediate which is the precursor of several other ROS and a mediator in oxidative 
chain reactions. Dismutation of O2•⎯⎯ (either spontaneously or through a reaction 
catalyzed by superoxide dismutases) produces H2O2, which in turn may be fully 
reduced to water or partially reduced to •OH, one of the strongest oxidants in nature. 
The chemistry of the reduction of H2O2 was explored first by Fenton and 
subsequently by Haber and Weiss in their studies of the reductive decomposition of 
H2O2 by reduced metals, which may be re-reduced by O2•  ⎯⎯, propagating this process 
(Halliwell and Gutteridge, 1999). 
Equation 5 MeN+ + H2O2 → Me (N+1)+ + •OH + H2O 
  ~ The Fenton reaction 
1.1.2. The Sources of Reactive Oxygen Species 
In vivo, O2• ⎯⎯ is produced both enzymatically and nonenzymatically. Enzymatic 
sources include NADPH oxidases located on the cell membrane of 
polymorphonuclear cells, macrophages and endothelial cells among others (Babior, 
2000; Babior et. al., 2002; Vignais, 2002), cytochrome P450-dependent oxygenases 
(Coon et. al., 1992) and xanthine oxidase. Although xanthine oxidase can catalyze 
oxidation of both hypoxanthine and xanthine to uric acid and therefore reduction of 
O2 to both O2•⎯⎯ and H2O2 it does not normally do so in vivo unless endogenous 
xanthine dehydrogenase, which is mainly responsible for the xanthine/hypoxanthine 
oxidation, is converted to xanthine oxidase, for example during tissue injury. The 
non-enzymatic production of O2•  ⎯⎯ occurs when a single electron is directly 
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transferred to oxygen by reduced coenzymes or prosthetic groups (e.g. flavins or 
iron sulfur clusters) or by xenobiotics previously reduced by certain enzymes (e.g. 
adriamycin). 
Studies on subcellular fractions have identified mitochondria, peroxisomes, 
microsomes and cytosolic enzymes as effective H2O2 generators (Chance et. al., 
1979). Peroxisomes contain a number of H2O2-generating enzymes, including 
flavoproteins, D-amino-acid oxidase, L-α-hydroxyacid oxidase and fatty acyl-CoA 
oxidase. The membrane of the endoplasmic reticulum (microsomal fraction) was 
associated with O2• ⎯⎯ and H2O2 generation when supplemented with NADH or 
NADPH. The flavoprotein-NADPH-cytochrome c reductase system and cytochrome 
P450 system are the most likely sources of H2O2 and O2• ⎯⎯ in these membranes. 
Cytosolic enzymes such as xanthine oxidase and aldehyde oxidase contribute to the 
cellular production of H2O2. 
Mammalian mitochondria generate most of the ATP for cells by the process of 
oxidative phosphorylation (OXPHOS) which utilizes approximately 95% of the 
oxygen consumed by animals (Chance et. al., 1979). The oxygen is reduced to water 
by the enzyme cytochrome c oxidase in the terminal reaction of the mitochondrial 
respiratory chain. Its reduction to water requires four consecutive one-electron steps, 
and the reactive intermediates are safely held on the enzyme until reduction is 
complete. Hence cytochrome c oxidase does not release ROS into free solution. 
However, a small proportion of the oxygen molecules are converted to O2•  ⎯⎯ by 
various other respiratory components, including flavoproteins, iron–sulfur clusters 
and possibly ubisemiquinone. These redox centres constitute the primary source of 
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O2•  ⎯⎯ in most tissues. It is estimated that during OXPHOS between 0.4 and 4% of the 
oxygen consumed is reduced to form O2•  ⎯⎯ (Boveris and Chance, 1973; Chance et. al., 
1979; Turrens and Boveris, 1980; Boveris, 1984; Turrens et. al., 1985; Hansford et. 
al., 1997), which, under normal circumstances, is converted to H2O2 by the 
mitochondrial form of superoxide dismutase (mtSOD). 
The rate of O2• ⎯⎯ formation increases when electron flow slows down (increasing the 
concentration of reduced electron donors) or when the concentration of oxygen 
increases (Boveris et. al., 1972). Usually, the energy released as electrons flow 
through the respiratory chain is converted into a H+ gradient across the inner 
mitochondrial membrane (Mitchell, 1977). This gradient, in turn, dissipates through 
the ATP synthase complex (Complex V) and is responsible for the turning of a 
rotor-like protein complex required for ATP synthesis (Noji and Yoshida, 2001). In 
the absence of ADP (State IV respiration), the movement of H+ through ATP 
synthase ceases and the H+ gradient builds up causing electron flow to slow down 
and the respiratory chain to become more reduced.  
The formation of O2•  ⎯⎯ may be further increased in the presence of certain inhibitors 
(e.g. Complex I inhibitor, rotenone, or Complex III inhibitor, antimycin), which 
cause those carriers upstream from the site of inhibition to become fully reduced. In 
Complex I, the primary source of O2•  ⎯⎯ appears to be one of the iron–sulfur clusters 
(either N-1α or N-2) (Turrens and Boveris, 1980; Genova et. al., 2001; Kushnareva 
et. al., 2002). In Complex III, most of the O2•  ⎯⎯ appears to be formed as a result of the 
autoxidation of ubisemiquinone both on the outer (Han et. al., 2001; Starkov and 
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Fiskum, 2001) and inner (Boveris et. al., 1976; Cadenas et. al., 1977; Turrens et. al., 
1985) sides of the inner mitochondrial membrane.  
1.1.3. The Chemistry of Reactive Nitrogen Species 
Nitric oxide (NO•) has an unpaired electron and thus it is a free radical. The 
oxidation of NO• leads to the formation of nitrogen dioxide (NO•2 ) and dinitrogen 
trioxide (N2O3, nitrous anhydride). 
Equation 6 2NO• + O2 → 2NO•2 
Equation 7 NO•2   + NO• → N2O3 
In aqueous solution, NO• oxidation produces N2O3 (as in the gas phase) and nitrite 
ion (NO2⎯   ) (Ford et. al., 1993; Wink and Ford, 1995). While N2O3 hydrolysis forms 
NO2⎯ , N2O3 can be formed from NO2⎯  under acidic conditions (Licht et. al., 1988; 
Caulfield et. al., 1996). 
Equation 8 NO2⎯   + H+ ' HNO2 
Equation 9 2HNO2 ' N2O3 + H2O 
NO• also reacts with O2•  ⎯⎯. Both NO• and O2•  ⎯⎯ are fairly unreactive, but the reaction 
between O2•  ⎯⎯ and NO• has been shown to produce a powerful oxidant, peroxynitrite 
(ONOO–). This reaction occurs at near diffusion controlled rates with a rate constant 
of 7x109 M-1s-1 (Huie and Padmaja, 1993).  
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Equation 10 NO• + O2•  ⎯⎯ → ONOO
– 
Peroxynitrite undergoes rapid decomposition to form nitrate ion (NO3⎯  ). The reaction 
can be catalyzed by protons or carbon dioxide (CO2). Peroxynitrous acid (ONOOH) 
is suggested to be the intermediate in the reaction that causes the formation of 
intermediates trans-ONOOH*, NO•2  and •OH from ONOO
– (Pryor and Squadrito, 
1995; Koppenol, 1999; Coddington et. al., 2001).  
Equation 11 ONOO– + H+ → cis-ONOOH 
Equation 12 cis-ONOOH → trans-ONOOH* 
Equation 13 trans-ONOOH* → NO•2   + •OH 
In acidic solution, NO3⎯   is the major product but increasing NO2⎯   is formed during 
alkaline decomposition in the absence of CO2. The high reactivity of ONOO
– toward 
aqueous CO2 (k = 3-6 x 104M-1s-1) (Denicola et. al., 1996; Uppu et. al., 1996) 
together with the high biological concentration of CO2 (about 1 mM CO2), makes the 
reaction of ONOO– with CO2 a prevalent reaction for peroxynitrite, leading to the 
formation of carbonate radical (CO3•  ⎯⎯ ) and NO•2  . 
Equation 14 ONOO– + CO2 → ONOOCO2⎯   
Equation 15 ONOOCO2⎯    → CO3•  ⎯⎯  + NO•2 
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1.1.4. The Sources of Reactive Nitrogen Species 
NO• is mainly synthesized by NO• synthases (NOS) including nNOS (neuronal 
NOS), eNOS (endothelial NOS) and iNOS (inducible NOS). nNOS and eNOS form 
a class of NOS that is referred to as the constitutive form (cNOS). cNOS are 
continuously present in the cell and their activation is rapid and Ca2+/calmodulin 
dependent. nNOS is localized to the cytosol whereas eNOS is membrane-bound 
through myristoylation and palmitoylation. The output of these enzymes is transient 
and low (on the nanomolar level). NO• at this level has a relatively long half-life and 
is mainly involved in neurotransmission, blood pressure regulation and some other 
homeostatic processes. iNOS is expressed in many types of cells after exposure to 
endotoxin or certain cytokines. It was initially found in macrophages.  
Other sources of reactive nitrogen species (RNS) include the reaction of salivary and 
dietary NO2⎯   with gastric acid to generate HNO2 in the stomach (Equation 8) which 
may be an important anti-bacterial mechanism. NO• can also form as a result of the 
reduction of NO2⎯   under acidic or highly reduced conditions. For example, in 
ischemia, NO2⎯   reacts with deoxyhemoglobin to produce methemoglobin and NO• 
which in turn reacts with deoxyhemoglobin to form iron-nitrosyl-hemoglobin 
(Doyle et. al., 1981). Under oxygenated conditions, however, nitrite is oxidized to 
nitrate by oxyhemoglobin.  
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1.2 Oxidative and Nitrosative Damage in DNA 
1.2.1. DNA damage Induced by Reactive Oxygen Species 
Oxygen radicals may attack DNA at either the sugar or the base, giving rise to a 
large number of products (Hutchinson, 1985). Attack on deoxyribose by •OH can 
abstract a hydrogen atom from any of the five carbon atoms of the sugar giving 
carbon-centered sugar radicals (Henner et. al., 1983; Hutchinson, 1985; Wu et. al., 
1985). Sugar radicals react with oxygen to give peroxyl radicals (von Sonntag, 1987) 
and further reactions generate a variety of deoxyribose breakdown products, base 
loss and strand breaks (von Sonntag, 1987). These damages have been shown to 
accumulate during exposure of bacteria and mammalian cells to H2O2, O2• ⎯⎯, gamma 
radiation or ozone (Birnboim and Kanabus-Kaminska, 1985; de Mello Filho and 
Meneghini, 1985). Unlike •OH, O2• ⎯⎯and H2O2 per se do not react with DNA at 
significant rates. 
Hydroxyl radical can also add to double bonds of DNA bases and/or abstract a H-
atom from a side chain (von Sonntag, 1987). Addition reactions yield OH-adduct 
radicals of DNA bases whereas an abstraction reaction generates the allyl radical. 
Subsequent reactions of these base radicals generate a variety of modified bases, 
base-free sites, strand breaks and DNA-protein cross-links.  
Free radical attack on pyrimidines occurs at the 5,6-double bond of thymine and 
cytosine and the 5-methyl group of thymine. The free radical attack on the 5,6-
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double bond turns the planar aromatic ring structure into a non-aromatic non-planar 
structure, which may or may not ring-open, ring-contract or ring-fragment thus 
generating different types of products. Hydroxyl radical adds to the C5- and C6-
positions of thymine, generating C5-OH- and C6-OH-adduct radicals, respectively. 
Oxidation reactions of the C5-OH-adduct radicals of thymine (which yield 5-
hydroxy-6-hydroperoxy-5,6-dihydrothymine and 6-hydroxy-5-hydroperoxy-5,6-
dihydrothymine) followed by addition of OH¯ lead to the formation of thymine 
glycol (5,6-dihydroxy-5,6-dihydrothymine, cis- and trans-) (Frenkel et. al., 1981; 
Demple and Linn, 1982; Teebor et. al., 1984; von Sonntag, 1987; Dizdaroglu, 1992; 
Breen and Murphy, 1995). In the absence of oxygen, 5-hydroxy-5,6-dihydrothymine 
and 6-hydroxy-5,6-dihydrothymine are formed by reduction of 5-OH- and 6-OH-
adduct radicals of thymines, respectively. Other six-ring products include 5,6-
dihydrothymine. 5-hydroxy-5-methylhydantoin is the only ring-contracted form of 
thymine. Hydroxyl radical also attacks the 5-methyl group of thymine, giving rise to 
5-(hydroperoxymethyl)uracil, which will decompose to the more stable 5-
(hydroxymethyl)uracil (5-OH,Me Uracil) and 5-formyluracil (Figure 1).  




Figure 1 Chemical structures of thymine and its oxidized derivatives 
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Hydroxyl radical attacks cytosine to form cytosine glycol (5,6-dihydroxy-5,6-
dihydrocytosine) via a mechanism similar to the formation of thymine glycol. 
Contrary to oxidized thymines, some of the cytosine derivatives are unstable due to 
deamination and/or dehydration. Cytosine glycol yields 5-hydroxycytosine (5-OH 
Cytosine) by dehydration, uracil glycol (5,6-dihydroxy-5,6-dihydrouracil) by 
deamination, and 5-hydroxyuracil (5-OH Uracil) by deamination of 5-
hydroxycytosine or by dehydration of uracil glycol (Dizdaroglu et. al., 1986; 
Dizdaroglu, 1992; Dizdaroglu et. al., 1993; Breen and Murphy, 1995) (Figure 2). 
These three products are the major stable free radical-damaged cytosine products. 
Other cytosine oxidized products include 5,6-dihydrouracil (5,6-dihydrocytosine 
however is yet to be detected in natural DNA), 5,6-dihydroxycytosine, 5,6-
dihydroxyuracil, 5-hydroxyhydantoin (the cytosine counterpart to the ring-
contracted 5-hydroxy-5-methylhydantoin), 5-hydroxy-6-hydrouracil and 5-hydroxy-
6-hydrocytosine. 
 




Figure 2 Chemical structures of cytosine and its oxidized derivatives 
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Hydroxyl radical adds to purines giving rise to C4-OH-, C5-OH-, and C8-OH-
adduct radicals (Steenken, 1989). One-electron oxidation and one-electron reduction 
of C8-OH-adduct radicals give rise to 8-hydroxypurines (7,8-dihydro-8-oxopurines) 
and formamidopyrimidines, respectively (Steenken, 1989; Dizdaroglu, 1992; Breen 
and Murphy, 1995) (Figure 3). Both types of products are formed in the absence and 
presence of oxygen. Reducing agents increase the yield of formamidopyrimidines, 
whereas the formation of 8-hydroxypurines is preferred in the presence of oxygen 
(Dizdaroglu, 1992; Breen and Murphy, 1995). 
 
 
Figure 3 Chemical structures of guanine and adenine with their oxidized derivatives 
 Chapter 1 Introduction 
 
14
DNA is a weak link in cellular resistance to oxygen radicals induced by Fenton 
reactions, in part because it binds the metals involved in generating •OH. The 
participation of transition metals in H2O2-induced cell damage is indicated by the 
protective effects of metal chelators e.g. desferal (Starke and Farber, 1985). Iron 
appears to be the most important. The inhibitory effects of these chelators may be 
due either to their sequestering the metal away from the DNA or to their occupancy 
of metal coordination sites, thereby obstructing interaction with ROS (Graf et. al., 
1984).  
1.2.2. DNA Damage Induced by Reactive Nitrogen Species 
NO• does not interact significantly with DNA (Wink et. al., 1991) or amino acids 
(Wink et. al., 1994), but it reacts with some metal complexes and other free radicals 
to form RNS (e.g. N2O3 and ONOO
–). Chemical alteration of DNA can have 
important consequences in a variety of cytotoxic and pathological mechanisms 
(Wink et. al., 1996; Wink and Mitchell, 1998).  
Reaction of RNS with DNA proceeds through three chemical processes, 
deamination, oxidation and nitration (Gal et. al., 1996). Oxidation chemistry 
includes one or two electron removal from substrate as well as hydroxylation 
reactions. Nitrosation occurs when an equivalent of NO+ is added to an amine, thiol 
or hydroxy aromatic group. Nitration of aromatic groups involves the addition of an 
NO2⎯    group e.g. nitroguanine (Shafirovich et. al., 2002). The oxidative and nitrative 
chemistry associated with RNS is mediated primarily by ONOO– with additional 
contributions from NO2⎯   (Burney et. al., 1999; Shafirovich et. al., 2001) whereas 
 Chapter 1 Introduction 
 
15
deaminative chemistry is mediated by N2O3. Both DNA-DNA and DNA-protein 
cross-links can also be formed through NO•-derived reactive species. 
Deamination of DNA bases in vivo is mediated primarily by N2O3 (Lewis et. al., 
1995). N2O3 can nitrosate the primary amine functionalities of DNA bases, leading 
to deamination. DNA bases can also undergo ‘spontaneous’ hydrolytic deamination. 
Pyrimidine bases in DNA are more susceptible to spontaneous deamination than are 
the purine bases (Lindahl and Nyberg, 1974). Purine constituents, however, were 
found to be more easily deaminated by nitrous acid (Shapiro and Yamaguchi, 1972; 
Zhao et. al., 2001). Products of deamination of DNA involve conversion of cytosine 
to uracil, guanine to xanthine, 5-methylcytosine to thymine and adenine to 
hypoxanthine, as well as inter- or intra-strand G-G cross-links (Wink et. al., 1991; 
Nguyen et. al., 1992; Caulfield et. al., 1998; Caulfield et. al., 2003). In the event of 
oxidative stress, additional deamination products such as 5-hydroxymethyluracil and 
5-hydroxyuracil are formed. Several of these lesions have been observed in bacterial 
and mammalian cells exposed to NO• in vitro (Wink et. al., 1991; Arroyo et. al., 
1992; Nguyen et. al., 1992) and in activated macrophages (deRojas-Walker et. al., 
1995). N2O3 can also nitrosate secondary amines to form nitrosamines. The 
formation of nitrosamines in vivo has been linked to activated macrophages 
(Marletta, 1988; Lewis et. al., 1995) and hepatocytes (Liu et. al., 1991; Liu et. al., 
1992). These nitrosamines are metabolized to alkylating species, which induce 
lesions in DNA. 




Figure 4 Formation of deaminated DNA base products. 
Both sugar and base damage can occur as a result of exposure of DNA to ONOO– in 
vitro (Kennedy et. al., 1997; Spencer et. al., 2000; Tretyakova et. al., 2000; 
Ohshima et. al., 2003). ONOO– can oxidize and nitrate DNA and cause deoxyribose 
oxidation (i.e. strand breaks and oxidized abasic sites) (Tretyakova et. al., 2000). It 
reacts primarily with guanine in DNA (Burney et. al., 1999) to form a variety of 
modifications including 8-nitrodG (Yermilov et. al., 1995a; Yermilov et. al., 1995b) 
and 8-hydroxy-2’-deoxyguanosine (8-OHdG) (Inoue and Kawanishi, 1995; Kennedy 
et. al., 1997). It is now known that the proportions of the DNA base and sugar 
damaged products are strongly dependent on the presence of CO2 and ONOOCO2
-
  
(Yermilov et. al., 1996; Tretyakova et. al., 2000). In the presence of 25mM 
bicarbonate (pH 7.4), base damage becomes the predominant product with mainly 8-
nitroguanine (Yermilov et. al., 1996; Tretyakova et. al., 2000). However, most of 
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the studies with peroxynitrite were done in the presence of large amounts of the 
synthetically generated compound. 
The steady-state concentration of NO• is determined by a balance between rates of 
reactions (including both synthesis and consumption) and rates of diffusion. NO• is 
rapidly oxidized by oxyhemoglobin to NO2⎯  , then NO3⎯   (Cassoly and Gibson, 1975). 
Because blood acts almost as a perfect sink, the concentrations of NO• in many 
tissues may be determined largely by how far newly synthesized NO• must diffuse 
to reach the nearest blood vessel (Beckman and Koppenol, 1996).  
1.3 Mutagenicity of Oxidative and Nitrosative DNA Damage 
Products 
The principal biological consequences of endogenously produced and unrepaired 
free radical-damaged DNA bases are mutations (Wallace, 2002; Bjelland and 
Seeberg, 2003). Uracil glycol, 5-OH Uracil, 5-OH Cytosine are readily bypassed by 
DNA polymerases, and should not be lethal lesions (Purmal et. al., 1994; Purmal et. 
al., 1998). Uracil glycol and 5-OH Uracil always pair with adenine and thus are 
potentially premutagenic lesions whereas 5-OH Cytosine pairs with cognate guanine 
as well as with adenine (Purmal et. al., 1994). As these oxidized cytosine bases 
mispair with adenine, they tend to induce C-T transitions. The oxidized guanine base 
8-OH Guanine mispairs with adenine, leading to G-T transversions and is thus a 
premutagenic lesion. 8-OH Guanine has also been found to induce G-A transitions 
as well as random point mutations at the modified site and adjacent positions on the 
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gene replication in addition to the G-T transversions (Kamiya et. al., 1992). Like the 
oxidized cytosines, 8-OH Guanine is readily bypassed by DNA polymerases (Wood 
et. al., 1990; Moriya et. al., 1991; Shibutani et. al., 1991). 
Most of the thymine and adenine oxidation products pair with their cognate bases 
and are not premutagenic lesions. However, they can have the potential to mispair, 
block DNA polymerases and are potentially lethal lesions e.g. thymine glycol and 
thymine breakdown products. This is supported by studies showing nth nei double 
mutants (lacking endonuclease III and endonuclease VIII that recognize and remove 
oxidized pyrimidines from DNA) to be hypersensitive to agents that produce 
thymine glycol in DNA (Jiang et. al., 1997). 
1.4 Methods Used in the Quantitative Study of Oxidative and 
Nitrosative DNA Damage  
Oxidative damage to DNA can be measured by a variety of analytical techniques 
(Collins et. al., 1997a). These include immunochemical techniques, post-labeling 
assays, comet assay, alkaline elution with the use of DNA repair enzymes, high-
performance liquid chromatography coupled to electrochemical detection 
(HPLC/ECD), gas chromatography/mass spectrometry (GC/MS), liquid 
chromatography/tandem mass spectrometry (LC/MS/MS) and liquid 
chromatography/mass spectrometry (LC/MS). 
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Antibody-based technology represents an alternative to these techniques either 
through immunohistochemical localization of 8-OHdG in the DNA of tissue sections 
(Hattori et. al., 1996), or measurement as the free 2’-deoxyribonucleoside in cell 
culture supernatants, serum, plasma or urine. Although monoclonal antibodies to 8-
OHdG have been previously applied to the quantitation of 8-OHdG in hydrolyzed 
DNA (Yin et. al., 1995), this required the immunoaffinity purification of the 
hydrolysates prior to competitive ELISA. An ELISA for detection of 8-OHdG in 
urine has been applied in order to detect in vivo oxidative stress in human subjects 
(Erhola et. al., 1997). 
The 32P-postlabelling assay is widely employed for the measurement of carcinogen-
DNA adducts and several other types of lesions in DNA including oxidative damage 
(Phillips, 1997). In this assay, snake venom phosphodiesterase breaks down DNA to 
nucleoside 5’-monophosphates, but only to the dinucleoside monophosphate level 
when certain kinds of severe damage are present. The DNA is first digested by using 
phosphodiesterase, DNAse I and alkaline phosphatase to release the 
mononucleosides and lesion-containing dinucleoside monophosphates. After 
treatment with alkaline phosphatase, T4 polynucleotide kinase (which acts on 
dinucleoside monophosphates) is then used to label the products with 32P. The 
labeled ‘dinucleotides’ are separated and quantified by 20% denaturing 
polyacrylamide gel electrophoresis (PAGE) and absolute identification achieved by 
co-comparison with prepared marker compounds (Weinfeld and Soderlind, 1991). 
The comet assay (single cell gel electrophoresis) is a relatively simple and sensitive 
method for measuring DNA strand breaks at the level of single cells. In this assay, 
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cells are lysed with detergent and treated with high salt to remove most nuclear 
proteins, leaving ‘nucleoids’ – supercoiled DNA, arranged in loops attached to the 
nuclear matrix. In gel electrophoresis, DNA is attracted to the anode, but only those 
loops containing a break, which relaxes supercoiling, are free to migrate, they extend 
from the nucleoid ‘head’ to form the ‘tail’ of a comet-like image. This assay can be 
modified for specific detection of oxidative DNA damage by introducing the repair 
enzymes. If nucleoids are incubated with endonuclease III, which recognizes 
oxidized pyrimidines, the number of relaxed loops, and hence the relative intensity 
of the tail, is increased according to the number of oxidized pyrimidines present 
(Collins et. al., 1993).   
Single strand breaks and sites of base loss can be measured by alkaline elution 
techniques. Suspended cells are lysed on a membrane filter and all cell constituents 
other than DNA are eluted from the filter with the lysis solution. The DNA 
fragments remaining on the filter are then eluted at a rate inversely related to their 
size. Large fragments of single-stranded DNA (few breaks) elute slower than small 
fragments (many breaks). If the cellular DNA is incubated with a repair 
endonuclease prior to analysis, the sum of already existing single strand breaks and 
endonuclease-sensitive site modifications is obtained (Pflaum et. al., 1997). 
One of the most used techniques is HPLC/ECD. This technique is most often used to 
measure the nucleoside form of 8-OH Guanine i.e. 8-OHdG, following enzymatic 
hydrolysis of DNA (Collins et. al., 1997a), although other modified bases can also 
be measured. Because of the availability of this technique and because of mutagenic 
properties of 8-OHdG (Grollman and Moriya, 1993), most studies in this field 
 Chapter 1 Introduction 
 
21
concentrated on this product. However, the measurement of a single product such as 
8-OHdG as a biomarker might be misleading. The yield of a single product might 
not necessarily reflect the overall rate of DNA damage. 
While all these methods measure only a single parameter, often without rigorous 
evidence for identification, techniques that use mass spectrometry provide 
unequivocal identification and quantification of DNA damage. GC/MS has long 
been used for the measurement of DNA base and sugar lesions and DNA-protein 
crosslinks in cells and in vitro. In the 1970s, GC/MS was used for the measurement 
of modified sugars that result from reactions of •OH with the sugar moiety of DNA. 
In the early 1980s, this technique was introduced for the measurement of oxidative 
DNA damage products (Dizdaroglu, 1984; Dizdaroglu, 1985). Subsequently, the 
application of isotope-dilution MS was described with the use of stable isotope-
labeled analogues of analytes as internal standards to allow accurate quantitation 
(Watson, 1990; Dizdaroglu, 1993). Recently, LC/MS/MS and LC/MS emerged as 
new techniques for the measurement of modified nucleosides in DNA (Ravanat et. 
al., 1998; Dizdaroglu et. al., 2001b; Dizdaroglu et. al., 2001a; Jaruga et. al., 2001; 
Jaruga et. al., 2002). 
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1.5 Aims of this Study 
1.5.1. Oxidative Damage in Mitochondria and Nuclei 
In 1988, mitochondrial DNA (mtDNA) was first claimed to suffer greater 
endogenous oxidative damage than nuclear DNA (nDNA). The authors, Richter et. 
al. (1988) reported 16 times lower level of 8-OHdG in nDNA than in mtDNA. This 
report received much attention in the scientific community since it was the first 
observation that revealed a higher level of oxidative damage end products in 
mtDNA than in nDNA although it had long been known that mtDNA, in contrast to 
nDNA, is located in close proximity to free radical generation sites in the 
mitochondrial electron transport chain. Several arguments were also put forward 
which lent support to the observation which, until today has been thought by many 
to be ‘within expectations’. First, mitochondria are the most important intracellular 
source of ROS. Second, mtDNA is not covered extensively by proteins such as 
histones, and therefore may be more vulnerable to the oxidative damage than nDNA. 
Third, DNA damage may be less efficiently repaired in mitochondria than in nuclei. 
Lastly, a high degree of mtDNA oxidative damage is in agreement with the rapid 
evolutionary mutation rate (Richter et. al., 1988). 
Subsequent discovery of large-scale somatic deletion of the mitochondrial genome 
in humans appeared to strengthen the hypothesis that mtDNA is more susceptible to 
oxidative damage (Cortopassi and Arnheim, 1990; Arnheim and Cortopassi, 1992). 
Analyses of mtDNA deletions in different brain areas (Corral-Debrinski et. al., 1992) 
showed that the highest frequencies of mtDNA deletions were found in those areas 
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with the highest metabolic rates. This, together with the fact that the mtDNA 
genome contains none or only a few noncoding bases, has led some to believe that 
one of the direct consequences of free radical damage to mtDNA is deletion. 
However, it has been argued that these specific deletions are unlikely to be produced 
by the random attack of species such as •OH (Halliwell, 1999).  
Since the report of Richter et. al. (1988), several groups have attempted to repeat the 
comparative study of oxidative damage between mitochondrial and nuclear DNA 
(Zastawny et. al., 1998; Hamilton et. al., 2001) while others studied the oxidative 
damage in either nuclei or mitochondria alone. The results from these three direct 
comparison studies consistently showed higher damage in mtDNA, supporting the 
existing notion. However, when Beckman and Ames (Beckman and Ames, 1999) 
did a comparison of all reported values of oxidative base damage products in 
mtDNA and nDNA from various studies, they revealed a range of measurements 
than span over five orders of magnitude. A detailed review on this was recently 
published (Beckman and Ames, 1999). When the lowest values generated using 
HPLC/ECD were compared, the level of 8-OHdG in mtDNA is no higher than that 
of nDNA. Indeed, over the past few years it is increasingly apparent that the bulk of 
the variation between published values is due to the methods used rather than to 
endogenous levels and arguments rage over the validity of the various methods used, 
with no clear answer in sight (Collins et. al., 1997a; Collins et. al., 1997b; Helbock 
et. al., 1998; Beckman and Ames, 1999). At present, the theory that mtDNA is more 
heavily damaged than nDNA still does not stand on firm ground. 
 Chapter 1 Introduction 
 
24
1.5.2. Artefacts in the Study of Oxidative Damage in Mitochondrial DNA 
In the last decade, numerous reports on artefacts related to the research field of 
oxidative DNA damage have been published, suggesting that most of the procedures 
in the study of oxidative DNA damage are prone to artefactual oxidation. These 
range from the isolation, dialysis, hydrolysis to analysis of DNA (Cadet et. al., 1997; 
Collins et. al., 1997a; Dizdaroglu, 1998; Helbock et. al., 1998; Halliwell, 1999). 
While some methods have been modified and improved to better reflect the true 
damage level in vivo, others remain to be resolved. 
In a recent review (Beckman and Ames, 1999), several possibilities of ex vivo 
artefactual oxidation were suggested to explain the observed high levels of damage 
in mtDNA reported so far if the mtDNA damage has been overestimated. These 
include analysis of small quantities of DNA, cross contamination of nDNA and 
mtDNA, and artefactual oxidation of DNA during isolation of mitochondria. 
Mitochondrial DNA constitutes only 1% of the total cellular DNA. If mtDNA is 
truly more oxidized and if contamination of mtDNA by nDNA occurs, the 
measurement of damage levels in mtDNA will be prone to underestimation. It is 
therefore essential to obtain mtDNA of high purity in order to make a comparison of 
oxidative damage. 
Mitochondria, being the major source of intracellular free radicals, are thought to 
contribute to the ‘artefactually’ high damage levels. Within the mitochondria, H2O2 
either is converted to water by mitochondrial glutathione peroxidase, peroxiredoxins 
or catalase (the latter found only in heart mitochondria (Radi et. al., 1991)) or can 
 Chapter 1 Introduction 
 
25
participate in Fenton type chemistry, giving rise to further ROS such as •OH (Giulivi 
et. al., 1995). Due to the high reactivity of •OH with biomolecules, artefactual 
oxidation of DNA is one of the major concerns in the study of mtDNA damage. 
Isolated mitochondria are exposed to 21% O2, much greater than intracellular pO2, 
which might make artefactual damage due to excess ROS generations in the isolated 
organelles more likely. Recently, using an enzymatic/southern blotting assay, Anson 
et. al. (2000) found that levels of 8-OHdG are approximately 3-fold higher when 
measured in mtDNA purified from isolated mitochondria than when measured 
without prior mitochondrial isolation. However, there is no direct evidence to show 
that artefactual oxidation of biomolecules causes extensive damage during isolation 
of mitochondria.  
1.5.3. Detection and Measurement of DNA Deamination Products 
Studies of DNA deamination products in vivo to date have not been numerous and 
have involved their measurement using GC/MS (Dizdaroglu, 1992; Olinski et. al., 
1992; Toyokuni et. al., 1994; Spencer et. al., 1995; Spencer et. al., 2000) or LC/MS 
(Dong et. al., 2003). There is a wide variation of published background levels, from 
0.035 to 20 nmol/mg DNA (Dizdaroglu, 1992; Olinski et. al., 1992; Toyokuni et. al., 
1994; Spencer et. al., 1995; Rehman et. al., 1999; Dong et. al., 2003), reminiscent of 
many studies on levels of 8-OHdG in DNA (Halliwell, 2000; Halliwell, 2002; 
Collins et. al., 2004). It is important to establish the correct levels that can occur in 
vivo since xanthine and hypoxanthine are mutagenic lesions. The predominant 
mutations resulting from deamination of guanine and adenine are G:C → A:T and 
A:T → G:C transition mutation respectively. This is because hypoxanthine is 
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believed to preferentially pair with cytosine (Karran and Lindahl, 1980), and 
xanthine pairs with thymine. Another possible fate of xanthine and hypoxanthine is 
depurination to form an abasic site (Loeb and Preston, 1986), although it is expected 
to be a rare event. Many organisms replicate past an abasic site by following the “A 
rule”, i.e. by inserting an adenine opposite the abasic site (Boiteux and Laval, 1982; 
Loeb and Preston, 1986). The ultimate result of such an event would be A:T → T:A 
transversion (for hypoxanthine formation) or G:C → T:A transversion (for xanthine 
formation) (Loeb and Preston, 1986).  
Although a certain degree of variation in endogenous DNA damage levels is to be 
expected, there still exists an approximately 8000-fold and 2000-fold variation in 
published levels of xanthine and hypoxanthine, respectively. Variation may arise 
from the different methodologies used in the studies or from the possible artefactual 
deamination of DNA during preparation and sample analysis. Acid hydrolysis of 
DNA is commonly carried out to release DNA bases for analysis by GC/MS, but 
artefactual formation of DNA deamination products has rarely been studied, despite 
several claims and rebuttals of artefactual formation of base oxidation products 
(Cadet et. al., 1997; Collins et. al., 1997a; Dizdaroglu, 1998; England et. al., 1998; 
Jenner et. al., 1998; Senturker and Dizdaroglu, 1999; Collins et. al., 2004). Earlier 
studies on spontaneous hydrolytic deamination of purines and pyrimidines at high 
temperature (Shapiro and Klein, 1966; Lindahl and Nyberg, 1974; Karran and 
Lindahl, 1980) suggest that xanthine and hypoxanthine might be produced from 
guanine and adenine during the process of high-temperature hydrolysis and/or 
derivatization.  
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We embarked on the study on oxidative damage in mitochondria and nuclei with an 
attempt to address three methodological issues. First, do mitochondria suffer greater 
oxidative damage during the isolation process? Second, analysis of oxidative 
damage in mtDNA and nDNA was performed using the GC/MS method which we 
have improved recently (Jenner et. al., 1998). The use of ethanethiol in this method 
prevented the artefactual generation of oxidized DNA bases that can sometimes 
occur during derivatization of DNA hydrolysate, and was shown to result in levels 
of oxidized bases that are comparable with those measured by HPLC/ECD. In the 
third study, we examined the problem of artefactual DNA deamination and 
developed an improved method for detecting and measuring DNA base deamination 
products, which was then applied to an animal model in which increased production 
of RNS is well-established, the lipopolysaccharide (LPS)-treated rat (Gardiner et. al., 
1995; Kan et. al., 2004).  
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CHAPTER 2 MATERIALS AND METHODS 
2.1 Chemicals 
Azathymine, mannitol, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES), ethylenediaminetetraacetic acid (EDTA), spermine, sodium dodecyl 
sulphate (SDS), phenol, isoamylalcohol, ethidium bromide, butanol, boric acid, 
glycerol, digitonin, ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic 
acid (EGTA), HEPES, MOPS, bovine serum albumin (BSA), aprotinin, leupeptin, 
pepstatin A, phenylmethylsulfonylfluoride (PMSF), streptomycin sulfate, 2,4-
dinitrophenylhydrazine (DNPH), rotenone, antimycin A, adenosine diphosphate 
(ADP), horseradish peroxidase (HRP), p-hydroxyphenylacetic acid (PHPA), 
xanthine, hypoxanthine, adenine, guanine, 2,6-diaminopurine, 2’-deoxyadenosine 
(dAdo), 2’-deoxyguanosine (dGuo), 2’-deoxyinosine (dIno), 2’-deoxycytidine 
(dCyt), sodium acetate, sodium nitrite (NaNO2), sodium nitrate (NaNO3), salmon 
testis DNA, calf thymus DNA, zinc chloride, Escherichia coli (E. coli) 
lipopolysaccharide (LPS) 055:B5, EDTA, SDS, phenol, flavin adenine dinucleotide 
(FAD), dihydronicotinamide adenine dinucleotide phosphate (NADPH), Aspergillus 
niger nitrate reductase, lactate dehydrogenase (LDH), pyruvic acid, N-(1-
naphthyl)ethylenediamine dihydrochloride (NEDD), phosphoric acid (H3PO4), 
sulphanilamide and erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA) were obtained 
from Sigma (St. Louis, MO, USA); DNAzol from Invitrogen (Carlsbad, CA, USA); 
Percoll from Amersham Bioscience (Piscataway, NJ, USA); Sucrose from Bio-Rad 
(Hercules, CA, USA); BamH1, XbaI, HindIII, calf intestine alkaline phosphatase 
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(CIAP), RNase A, RNase T1 and Proteinase K from Roche (Mannheim, Germany); 
Hydrochloric acid (HCl), methanol, sodium chloride (NaCl), chloroform, ethanol 
and hydrogen peroxide (H2O2) from Merck (Darmstadt, Germany); Trichloroacetic 
acid and cesium chloride from J.T. Baker (Phillipsburg, NJ, USA); Tris and ethyl 
acetate from Fisher (Fairlawn, NJ, USA); Dynazyme II Recombinant DNA 
polymerase from Finnzymes (Espoo, Finland); Agarose from BioWhittaker 
Molecular Applications (East Rutherford, NJ, USA); dNTP mixture and DNA 
markers from Promega (Madison, WI, USA); 1-Methyl-2-phenylindole from 
Aldrich (St. Louis, MO, USA); Ethanethiol and succinate from Fluka (Buchs SG, 
Switzerland); Potassium dihydrogen phosphate (KH2PO4), potassium chloride (KCl) 
and magnesium chloride (MgCl2) from BDH Laboratories (Poole, England, UK); 
Formic acid from Riedel-de Haen (Seelze, Germany); 2,6-Diamino-4-hydroxy-5-
formamidopyrimidine-formyl-13C-4-amino-5-amido-15N2 (FAPy guanine), 4,6-
diamino-5-formamidopyrimidine-formyl-13C-diamino-15N2 (FAPy adenine), 5-
(hydroxymethyl)uracil-4,5-13C2-5’,5’-d2 (5-OH, Me Uracil), 5-hydroxycytosine-1,3-
15N2-2-13C (5-OH Cytosine), 8-hydroxyadenine-8-13C-6,9-diamino-15N2 (8-OH 
Adenine), xanthine-1,3-15N2, 8-hydroxyguanine-8-13C-7,9-15N2 (8-OH Guanine), 
thymine glycol-α,α,α,6-d4, 5-(hydroxymethyl)hydantoin-1,3-15N2-2,4-13C2 (5-OH, 
Me Hydantoin) and 5-hydroxyhydantoin-1,3-15N2-2,4-13C2 (internal standards for 
GC/MS) from Cambridge Isotopes Laboratories (Andover, MA, USA); N, O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane 
(TMCS), acetonitrile and BCA reagent from Pierce (Rockford, IL, USA); 2’-
Deoxythymidine (dThd) from US Biological (Swampscott, MA, USA); 2-Amino-2’-
deoxyadenosine from Berry & Associates (Dexter, MI, USA); Nuclease P1 (NP1) 
from Penicillium citrinum from MP Biomedicals (Irvine, CA, USA) 




The experimental protocols are in accordance with guidelines approved by the 
appropriate review committee appointed by National University of Singapore. The 
number of animals used in experiment was kept to a minimum, and the animals were 
killed humanely before the collection of their organs. In the studies related to 
mitochondria, outbred male Sprague-Dawley rats were used. They were maintained 
on a 12/12 L-D cycle with lights on at 0700 and food and water available ad libitum. 
Approximately 80 rats were sacrificed by cervical dislocation. For experiments 
involving DNA isolation, the tissues were immediately removed, frozen in liquid 
nitrogen, and stored at -80°C until isolation of DNA. For studies that require 
respiring mitochondria (where indicated), the tissues removed were immediately 
used for isolation of nuclei and mitochondria.  
In the sepsis model, outbred male Sprague-Dawley rats were divided into 3 groups 
of 4 rats – a control group that received sterile 0.9% (w/v) NaCl and two endotoxin-
treated groups that received either 50mg/kg or 100mg/kg LPS (in 0.9% (w/v) NaCl),  
by intravenous injection into the femoral vein during anesthesia (induced by 
intraperitoneal injection of 200-300mg/kg of sterile 7% (w/v) chloral hydrate in 
0.9% (w/v) NaCl). Approximately 4-5hr after injection, the rats were anesthesized 
and sacrificed by cardiac puncture, the whole blood was collected in EDTA-coated 
tube and the liver, heart and kidney were immediately removed, washed using 
phosphate-buffered saline and frozen in liquid nitrogen. The plasma and packed 
cells were separated by 2,000g x 10min centrifugation and stored at -80°C until 
analysis. The tissues were stored at -80°C until isolation of DNA.  
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2.3 Isolation of Pure Mitochondrial DNA, Nuclear DNA and Total 
Cellular DNA 
2.3.1. Separation of Organelles 
Procedures for the isolation of mitochondria and nuclei were carried out at 4°C. 
Mitochondria were isolated using differential centrifugation with or without 
subsequent density gradient centrifugation before DNA isolation. 
The differential centrifugation method described by Anson et. al. (2000) was used. 
Rat liver tissues were pounded in liquid nitrogen and resuspended in ice-cold MSHE 
buffer (0.21M mannitol, 0.07M sucrose, 10mM HEPES, 1mM EDTA, 0.15mM 
spermine, pH 7.4). The liver was homogenized with a glass-Teflon homogenizer for 
10 strokes. The initial centrifugation to pellet unbroken cells and nuclei was at 500g 
for 10min. The supernatant was centrifuged at 9,500g for 10min to pellet the 
mitochondria, which was then washed twice and resuspended in MSHE buffer.  
The density gradient centrifugation method was used as described (Reinhart et. al., 
1982) with modifications. The crude nuclear and mitochondrial pellets prepared 
using the method described above, were resuspended in MSHE and further purified 
using Percoll density gradient centrifugation. The mitochondrial suspension (<2ml) 
was loaded onto freshly prepared Percoll gradients – 2.5ml of each of 16%, 25%, 
42%, 52% and 62% (v/v) Percoll in MSHE and centrifuged at 37,000g (17,490rpm) 
for 4.5min (including acceleration and deceleration time) using a Beckman JA-20 
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fixed angle rotor. The mitochondrial and nuclear fractions were removed by 
aspiration of the 25-42% (v/v) interface and 42-52% (v/v) interface, respectively. 
Both fractions were then separately further purified using the same procedure. The 
purified mitochondrial and nuclear fractions were washed with MSHE twice before 
resuspended in the same buffer. 
2.3.2. Isolation of DNA 
DNA was isolated using either the phenol method (Anson et. al., 2000) or the 
DNAzol method. In the phenol method, mitochondrial and nuclear pellets 
resuspended in MSHE were incubated at 37°C with 1% (w/v) SDS for 60min. For 
isolation of total cellular DNA, an aliquot of the crude tissue homogenate taken after 
homogenization was diluted in MSHE before lysis using 1% (w/v) SDS. Protein was 
precipitated by addition of ¼ volume of saturated NaCl, and immediately cooled to 
4°C. The clear supernatant collected after centrifugation at 12,000g for 10min was 
further purified using equal volume of phenol, phenol-chloroform-isoamylalcohol 
(25:24:1) and chloroform-isoamylalcohol (24:1). DNA was precipitated overnight 
using 2.5 volumes of ethanol, washed with 70% (v/v) ethanol and redissolved in TE 
buffer (10mM Tris, 1mM EDTA pH 8). DNA was then incubated at 37°C with 
100µg/ml RNAse A for 60min. Removal of proteins and precipitation of DNA as 
described above were repeated. The DNA pellet was washed twice with 70% (v/v) 
ethanol and redissolved in sterile distilled water at 37°C. 
In the DNAzol method, both pellets were resuspended in DNAzol and homogenized. 
The homogenate was incubated with 100µg/ml RNase A for 30min at 37°C and then 
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with 100 µg/ml Proteinase K for 1hr at 25°C to aid tissue digestion (Chomczynski et. 
al., 1997). The supernatant of the homogenate was collected by centrifugation at 
14,000g (11,481rpm) for 10min, and DNA precipitated using ½ volume of ethanol. 
DNA was washed once with DNAzol/ethanol (70:30(v/v)) and twice with 80% (v/v) 
ethanol before redissolved in 1mM EDTA (pH 8) and incubated at 37°C to aid 
dissolution. DNA was then incubated with 100µg/ml RNase A and 100units/ml 
RNase T1 for 60min. Protein was again removed by addition of SDS to 1% (w/v) 
followed by precipitation with NaCl as described above. The protein precipitate was 
removed by centrifugation at 14,000g for 10min and DNA precipitated using 2.5 
volumes of ethanol. 
2.3.3. Separation of DNA 
MtDNA was separated from total cellular DNA using cesium chloride (CsCl) 
density gradient centrifugation. The DNA solution was centrifuged in cesium 
chloride solution containing the fluorescent dye ethidium bromide. In discontinuous 
gradient, 8.4g of ultra-pure CsCl was dissolved in 2ml of 100µg/ml DNA in TE 
buffer (10mM Tris, 1mM EDTA, pH 8). 0.63g/ml of CsCl in TE was layered on top 
of the DNA solution and the discontinuous gradient centrifuged at 50,000rpm for 
16hr using Beckman 70Ti fixed-angle rotor. Bands of DNA were gently removed by 
aspiration, and ethidium bromide was removed by extracting several times using 
equal volume of CsCl saturated butanol (Sambrook and Russell, 2001). The aqueous 
fraction containing DNA was dialysed against TE buffer containing 0.3M NaCl for 
24hr before precipitation of DNA. DNA was redissolved in TE buffer. 
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Continuous gradient centrifugation was carried out as described (Garber and Yoder, 
1983; Higuchi and Linn, 1995). 1.63g/ml and 0.94g/ml (Garber and Yoder, 1983), 
1.01g/ml (Sambrook and Russell, 2001), or 0.7577g/ml (Higuchi and Linn, 1995) 
CsCl in TE containing 300 µg DNA was prepared and centrifuged at 60,000rpm for 
24hr (for all except 0.7577g/ml), 35,000rpm for 48hr (for 0.7577g/ml) using 
Beckman 70Ti fixed-angle rotor. Ethidium bromide was removed by extraction with 
butanol (Sambrook and Russell, 2001) and DNA precipitated and redissolved in TE 
buffer. 
2.3.4. A Modified Method 
As all the methods tried so far failed to produce sufficient quantity of mtDNA of 
high purity, modifications of existing method were sought in an attempt to further 
purify the DNA by differential centrifugation. Whole liver tissue was minced and 
homogenized in TES buffer (100mM Tris pH 7.4, 10mM EDTA, 250mM Sucrose) 
using a Teflon-glass homogenizer. The 5% (v/v) homogenate was first centrifuged at 
2,500rpm (959g) for 20min to pellet unbroken cells and nuclei, which was then used 
to isolate nDNA. The supernatant was then centrifuged at 6,000rpm (5,524g) for 
20min to remove any contaminating nuclei. The supernatant, which contained the 
mitochondria, was centrifuged again twice more at the same speed. The final 
supernatant was centrifuged at 12,000rpm (22,095g) for 20min. The nuclear and 
mitochondrial pellets were washed once by resuspension in TES buffer followed by 
centrifugation at 959g and 22,095g respectively for 20min. These pellets were used 
for DNA isolation by DNAzol method. Both mitochondrial and nuclear pellets were 
resuspended in approximately 8 volumes of DNAzol and homogenized. The 
 Chapter 2 Materials and methods 
 
35
homogenates were incubated with 100µg/ml RNase A and 100units/ml RNase T1 at 
37°C for 30min and then with 100µg/ml Proteinase K at 25°C for 1hr. The 
supernatant of the homogenate was collected by centrifugation at 14,000g 
(11,481rpm) for 10min, and DNA was precipitated using ½ volume of ethanol. DNA 
was washed once with DNAzol/ethanol (70:30(v/v)) and then twice with 80% (v/v) 
ethanol before being redissolved in sterile water and incubated at 37°C for 15min to 
aid dissolution. 
In the time course study on artefactual DNA oxidation, total cellular DNA was 
isolated from an aliquot of tissue homogenate using this modified method. 
2.4 Characterization of the Pure Mitochondrial DNA and Nuclear 
DNA 
2.4.1. Verification of Purity of mtDNA 
The purity of isolated nDNA and mtDNA was determined by checking for the 
presence of the cytochrome b gene and the β-actin gene in the DNA preparations 
using the polymerase chain reaction (PCR). PCR reactions were carried out in a 
Perkin Elmer GeneAmp PCR system. The total volume of the reaction was 25µl 
containing approximately 10ng DNA, 0.25mM dNTP, 1/10 OD primers, and 0.5U 
Dynazyme in Dynazyme Buffer. The PCR profile for cytochrome b was as follows: 
an initial denaturation at 94°C for 1min, followed by 27 cycles of denaturation at 
94°C for 30s, annealing at 65°C for 30s, extension at 72°C for 1min and a final 
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extension at 72°C for 10min. Cytochrome b gene, which is coded by mtDNA, is 
identified as a 467bp fragment, resulting from amplification with primers 5’-
ATCATCAACCACTCCTTTATCGACC-3’ and 5’-
AAGCCTCCTCAGATTCATTCGACTA-3’. The PCR profile for β-actin was as 
follows: an initial denaturation at 94°C for 1min, followed by 27 cycles of 
denaturation at 94°C for 30s, annealing at 69°C for 30s, extension at 72°C for 1min 
and a final extension at 72°C for 10min. β-Actin gene, which is coded by nDNA, is 
identified as a 395bp fragment, resulting from amplification with primers 5’-
CCTTCAACACCCCAGCCATGTACG-3’ and 5’-
GCATCGGAACCGCTCATTGCC-3’. 
2.4.2. Restriction Digestion of DNA 
0.05-0.1µg DNA was digested with 20 units of each restriction enzyme in 10µl of 
appropriate buffer at 37°C for 3hr.  
2.4.3. Agarose Gel Electrophoresis 
DNA was mixed with 1/5 volume of gel loading buffer (1.86% (w/v) EDTA, 0.5% 
(w/v) bromophenol blue, 50% (v/v) glycerol), and then loaded into a well of a 0.5% 
(w/v) agarose gel (for DNA) or 1.5% (w/v) agarose gel (for PCR product) in TBE 
buffer (89mM Tris base, 89mM boric acid, 2mM EDTA, pH 8.3). Electrophoresis 
was performed in TBE for 60min at 80V. After electrophoresis, the gel was stained 
with ethidium bromide (0.5µg/ml in TBE) and photographed. A HindIII digest of a 
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DNA or 1-kb DNA ladder was used as size marker for DNA, and 100bp or 123bp 
DNA ladder for PCR amplification products. 
2.4.4. Quantitation of DNA 
Absorbance spectra between 220nm – 320nm were obtained for all samples, and the 
DNA concentrations were determined using the absorbance at 260nm with 
background correction at 320nm.  
2.5 Isolation of Coupled Mitochondria 
Procedures for the isolation of mitochondria and nuclei were conducted at 4°C. 
Liver mitochondria were isolated as described (Qu et. al., 1999) with modifications. 
Briefly, livers were removed and washed immediately with ice cold sucrose I buffer 
(5mM HEPES pH 7.5, 0.25M sucrose, 0.5mM EGTA) where they were minced. The 
buffer was replaced with fresh buffer and the liver tissue homogenized with a glass-
Teflon homogenizer for 6-7 strokes. The initial centrifugation to pellet unbroken 
cells and nuclei was at 1,000g twice, each for 10min. The supernatant of the second 
1,000g spin was centrifuged at 10,000g for 10min to pellet the mitochondria, and the 
supernatant was collected as cytosolic fraction. The mitochondrial pellet was washed 
once with Sucrose II (5mM HEPES pH 7.5, 0.25M sucrose) followed by 
centrifugation at 10,000g for 10min. 
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Heart mitochondria were isolated using a modified procedure of Rouslin (1993). 
Heart tissues were removed and washed with isolation buffer (180mM KCl, 10mM 
EGTA, 10mM Tris pH 7.2, 10mM MOPS, 0.5% (w/v) BSA). The vessels and 
auricles were removed, ventricles washed and minced finely. The ventricles were 
homogenized in 10 volumes of isolation buffer using glass-Teflon homogenizer for 
4-5 strokes. The homogenization was performed at low speed for shorter time 
(<3min) to preserve the integrity of the mitochondria. The homogenate was 
centrifuged twice at 1,000g for 10min to pellet the nuclei. The supernatant was 
collected for subsequent centrifugation at 10,000g for 10min to pellet mitochondria, 
and the remaining supernatant was collected as cytosolic fraction.  
The mitochondrial pellet was washed once with resuspension buffer (250mM 
sucrose, 1mM EGTA, 10mM MOPS pH 7.2) to rinse away any light or loosely 
packed damaged mitochondria before the final resuspension in Sucrose II for liver 
mitochondria or in resuspension buffer for heart mitochondria. Mitochondrial 
protein concentration was measured using DC reagent with BSA as standards. 
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2.6 Analysis of Oxidative Damage End Products 
2.6.1. Oxidative DNA Damage 
2.6.1.1. DNA Sample Pooling 
For the comparative analysis of base damage products in mitochondrial and nuclear 
DNA, sample pooling is necessary as the yield of pure mtDNA was low (< 5µg/rat). 
The mtDNA samples from every 5-8 rats were pooled to give 11 independent 
mtDNA samples, each containing approximately 35µg mtDNA which were later 
used for verification of purity, quantitation and GC/MS analysis.  
2.6.1.2. GC/MS Analysis of DNA Bases 
Hydrolysis, derivatization and analysis of DNA was performed as described 
previously (England et. al., 1998; Jenner et. al., 1998) with minor modifications. 20-
30µg of the pooled mitochondrial and nuclear DNA samples was freeze-dried 
overnight. Acid hydrolysis was carried out by addition of 0.5ml of 60% (v/v) formic 
acid and heating at 140°C for 45min in an evacuated, sealed hydrolysis tube. The 
internal standards were added to the cooled hydrolyzed samples and freeze-dried. 
These include 6-azathymine, 2,6-diamino-4-hydroxy-5-formamidopyrimidine-
formyl-13C-4-amino-5-amido-15N2 (FAPy guanine), 4,6-diamino-5-
formamidopyrimidine-formyl-13C-diamino-15N2 (FAPy adenine), 5-
(hydroxymethyl)uracil-4,5-13C2-5’,5’-d2 (5-OH, Me Uracil), 5-hydroxycytosine-1,3-
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15N2-2-13C (5-OH Cytosine), 8-hydroxyadenine-8-13C-6,9-diamino-15N2 (8-OH 
Adenine), xanthine-1,3-15N2, 8-hydroxyguanine-8-13C-7,9-15N2 (8-OH Guanine), 
thymine glycol-α,α,α,6-d4, 5-(hydroxymethyl)hydantoin-1,3-15N2-2,4-13C2 (5-OH, 
Me Hydantoin) and 5-hydroxyhydantoin-1,3-15N2-2,4-13C2 (5-OH 
Hydantoin)(approximately 0.5nmol of each). Derivatization was carried out for 2hr 
at 25°C using BSTFA (+1% TMCS)/acetonitrile/ethanethiol (16:3:1(v/v)) mixture. 
For the time course study on artefactual DNA oxidation, 100µg of DNA was used in 
the analysis. 
For the study of DNA deamination using GC/MS, 0.5nmol 2,6-diaminopurine was 
used as internal standard for hypoxanthine, xanthine, adenine and guanine. The 
molecular ions (M+) monitored were 265.1, 353.2, 264.1, 352.2, respectively, 
together with their (M-15)+ ions. 
2.6.2. Oxidative Protein Damage 
2.6.2.1. Preparation of Subcellular Protein Extracts  
Coupled mitochondria were prepared as described earlier. The isolated mitochondria 
were resuspended in homogenization buffer (0.1% (w/v) digitonin in 100mM 
phosphate buffer) for isolation of protein. Mitochondrial suspension (in 
homogenization buffer) was then treated with 10% (v/v) protease inhibitor cocktail 
(5µg/ml aprotinin, 5µg/ml leupeptin, 7µg/ml pepstatin A, 10mM EDTA pH 8) and 
80µg/ml PMSF (Alam et. al., 1997). The mitochondrial fraction was homogenized 
and mitochondrial protein in the supernatant was collected after removal of lysed 
 Chapter 2 Materials and methods 
 
41
membranes by centrifugation at 14,000g for 10min. Nuclear protein extract was 
prepared from the nuclear fraction using the same procedure. Mitochondrial and 
nuclear protein extracts, together with the cytosolic fraction collected as the post-
mitochondrial supernatant, were incubated with 1% (w/v) streptomycin in 100mM 
phosphate buffer for 15min at 25°C to precipitate nucleic acid. The precipitates were 
removed by centrifugation at 10,000g for 10min, and the supernatant collected for 
protein content determination using BCA reagent. 
2.6.2.2. Determination of Protein Carbonyl Content 
Protein carbonyl content was determined with the use of DNPH (Levine et. al., 1990; 
Pleshakova et. al., 1998) with modifications. Aliquots of subcellular fractions 
containing 1-3mg protein were incubated with 10mM DNPH in 2M HCl (sample) or 
with 2M HCl (blank) for 1hr at 25°C. Proteins were then precipitated using equal 
volumes of 20% (w/v) trichloroacetic acid. The protein pellets were collected by 
centrifugation at 12,000g for 10min and washed three times with 1ml of ethyl 
acetate: ethanol (1:1). Washed pellets were air dried for <5min before being 
redissolved in 6M guanidine HCl in 20mM potassium phosphate pH 2.3 for 15min 
at 37°C. Insoluble material was removed by centrifugation. The absorbance spectra 
of all samples were obtained against their respective blanks between 320nm - 420nm. 
Carbonyl content was calculated based on the absorbance peak at 370nm and 
extinction coefficient of 22,000 M-1cm-1. Protein concentration was determined at 
280nm in the blank samples, with BSA as standard. 
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2.6.3. Lipid Peroxidation 
2.6.3.1. Determination of Malondialdehyde Content 
Malondialdehyde (MDA) was determined using 1-methyl-2-phenylindole with 
modifications (Gerard-Monnier et. al., 1998). Liver tissue was homogenized in ice 
cold phosphate buffer containing 25mM butylated hydroxytoluene (BHT) and 1mM 
probucol using Teflon-glass homogenizer. For determination of free MDA content, 
one half volume of the 20% (v/v) homogenate was centrifuged at 3,000g for 10min 
and the supernatant was collected. For measurement of total MDA content, the other 
half volume of the homogenate was incubated at 60°C for 80min before 
centrifugation at 3,000g for 10min. 150µl of the supernatant of the two fractions 
were separately added to a solution (487.5µl) containing 15mM 1-methyl-2-
phenylindole in acetonitrile/methanol (3:1) (as sample) or a solution containing 
acetonitrile/methanol (3:1) alone (as blank). The final concentration of 1-methyl-2-
phenylindole was 10mM. The reaction was started by adding 107.5µl 37% (w/v) 
HCl and incubated at 45°C for 1hr. The supernatant collected after centrifugation at 
12,000g for 10min was measured spectrophotometrically at 586nm.  
2.6.4. Time Course Study 
For the time course study involving respiring mitochondria, respiratory buffer 
(154mM KCl, 10mM KH2PO4, 3mM MgCl2, and 0.1mM EGTA, pH 7.4) (Kwong 
and Sohal, 2002) was used. The tissue homogenate or isolated mitochondria 
resuspended in respiratory buffer were incubated for several hours and aliquots were 
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taken at specific time points for analysis as indicated in the results section. Where 
indicated, respiratory substrate, succinate was added to support the mitochondrial 
respiration and hence free radical generation.  
2.7 Analysis of Oxygen Consumption and H2O2 Production by 
Mitochondria 
2.7.1. Measurement of H2O2 Produced by Mitochondria 
The rate of H2O2 released from the mitochondria was measured fluorometrically as 
described by Hyslop and Sklar (1984) with modifications (Kwong and Sohal, 2002). 
The reaction mixture (3ml) contained 150µg of mitochondrial protein, 500µg PHPA, 
4U HRP, and 10mM substrate (where indicated) in respiratory buffer. PHPA 
dimerizes to fluorescent (PHPA)2 by H2O2-dependent HRP-catalyzed oxidation 
(Guilbault et. al., 1968). The rate of H2O2 release was determined by following the 
increase in fluorescence at 25°C using a Perkin-Elmer LS-50 spectrofluorometer (Ex: 
320nm; Em: 400nm). The standard curve was determined by measuring the 
fluorescence in assays containing the mitochondrial protein and known amounts of 
H2O2 (Kwong and Sohal, 2002). Unless otherwise indicated, final concentration of 
ADP used was 500µM and final concentration of rotenone and antimycin A were 
1µM. 
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2.7.2. Oxygen Consumption by Mitochondria  
The rate of oxygen consumption by mitochondria was measured polarographically 
using a Clark-type electrode at 25°C. The incubation mixture consisted of buffer 
(0.1M KCl, 10mM Tris pH 7.6, 12.5mM KH2PO4) and 500µg of mitochondrial 
protein. The rate of oxygen consumption was measured after the addition of 
substrate. 
2.7.3. H2O2 Scavenging Activity in Subcellular Compartments 
To check for the presence of H2O2 scavenging activity, a reaction mixture (3ml) 
containing 150µg of mitochondrial protein in buffer (154mM KCl, 10mM KH2PO4, 
3mM MgCl2, and 0.1mM EGTA (pH 7.4)) with or without added H2O2 was prepared 
and incubated for approximately 8min. 500µg PHPA and 4units HRP was then 
added and the change in fluorescence (Ex: 320nm; Em: 400nm) was monitored 
using a Perkin-Elmer LS-50 spectrofluorometer.  
To quantitatively study the effect of scavenging, the reaction mixture (3ml) 
containing 500µg PHPA and 4units HRP with or without mitochondrial protein was 
prepared. Known amount of H2O2 was then added, and the increase in fluorescence 
monitored. 
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2.8 Analysis of Nitrosative DNA Damage End Products  
2.8.1. Enzymatic Hydrolysis of DNA 
Hydrolysis of DNA was carried out as described (Hofer and Möller, 1998) with 
modifications. Approximately 2µg/µl of DNA was hydrolyzed using 0.1µg/µl of 
nuclease P1 and 0.01 units/µl of calf intestine alkaline phosphatase in 1350µl buffer 
(25mM sodium acetate, 0.1mM zinc chloride, pH 5.3) containing 250µM EHNA for 
270min at 50°C. After incubation, the nucleosides were separated from the enzymes 
using Microcon-YM 10 columns and the individual nucleosides (2’-deoxyinosine 
and 2’-deoxyadenosine) were isolated by HPLC. 
2.8.2. Isolation and Analysis of Nucleoside using HPLC 
Prepurification of nucleosides was carried out using a Hewlett-Packard HPLC model 
1100, equipped with a G1315B diode array detector. The system consisted of a 
Discovery C18 HPLC column (25cm x 4.6mm, 5µm particle size, Supelco, 
Bellefonte, PA, USA) with elution performed at a flow rate of 0.8ml/min 1% (v/v) 
methanol in water for the first 34min, followed by a linear gradient of 1-30% (v/v) 
methanol for 6min; holding at 30% for 8min; then reversal of the gradient back to 
1% over 10min. The effluent was monitored with a UV detector at 220–320nm. The 
nucleosides were collected at their respective elution times and 0.5nmol or 20nmol 
of 2-amino-2’-deoxyadenosine was added as internal standard to the fractions of 2’-
deoxyinosine and 2’-deoxyadenosine respectively. 
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2.8.3. GC/MS Analysis of Nucleosides 
The purified fractions of 2’-deoxyinosine were freeze-dried separately and 
derivatized in the presence of internal standard in 50µl (for 2’-deoxyinosine) or 
100µl (for 2’-deoxyadenosine) of acetonitrile/ethanethiol/BSTFA (3:1:16(v/v)) for 
20hr with vigorous shaking at room temperature. One microliter of sample was 
injected with a 7683 autosampler onto the Agilent 6890 gas chromatograph (Palo 
Alto, CA, USA) with the injector port kept at 280°C. Splitless injection was used for 
measuring 2’-deoxyinosine and split ratio for measuring 2’-deoxyadenosine was 
1:200 because of the large amounts present. Chromatographic separation was carried 
out on a fused-silica capillary column coated with cross-linked 5% 
phenylmethylsiloxane, 12m x 0.2mm internal diameter x 0.33mm film thickness 
(J&W Scientific, Folsom, CA, USA). The temperature of the capillary column was 
held at 170°C with an initial time of 2min, and was increased to 290°C at a rate of 
20°C/min with a final time of 2min. Ultra-high purity helium was used as the carrier 
gas at a flow rate of 1ml/min. The transfer lines were kept at 290°C. 
A 5973 mass spectrometer (Agilent, Palo Alto, CA, USA) was used for acquiring 
electron impact (EI) mass spectra. The mass spectrometer was operated at an ion 
source temperature of 230°C. The electron energy was 70eV. The M+ of the 
derivatized nucleosides were observed: m/z 468.3 for tri-TMS-2’-deoxyinosine and 
m/z 554.3 for tetra-TMS-2-amino-2’-deoxyadenosine. The M+ and (M-15)+ ions 
were monitored in the SIM mode which provides a more accurate and sensitive 
measurement of the abundance of ions of interest. Dwell times were 100ms per ion. 
The quantities of modified and unmodified nucleosides were calculated by 
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comparing the abundances of M+ ions of the derivatized nucleosides with that of the 
derivatized internal standard (2-amino-2’-deoxyadenosine). The extinction 
coefficients (εmax) used to determine the initial concentrations of these stock 
solutions are 12,800M-1cm-1 for 2’-deoxyinosine at 249nm and 15,400M-1cm-1 for 
2’-deoxyadenosine at 260nm. 
2.8.4. In vitro DNA Deamination  
5mg of salmon testis DNA (0.5mg/ml) in 100mM sodium acetate buffer at pH 4 was 
treated with various amounts of NaNO2 (final concentration ranging from 0 to 
500µM) at 37°C for 6hr. The treated DNA was reprecipitated at -20°C overnight 
using 0.2M NaCl and 2.5 volumes of ethanol. The DNA precipitate was collected 
and used for enzymatic hydrolysis and GC/MS analysis. 
2.9 Analysis of Nitric Oxide End Products  
2.9.1. Griess Assay of NO2⎯     and NO3⎯    
Determination of NO2⎯  and NO3⎯  content was carried out using the Griess assay 
(Granger et. al., 1996). For determination of both NO2⎯   and NO3⎯  , 25µl of sample was 
incubated with 100µl of 0.0625M HEPES buffer (pH 7.4) containing 6.25µM FAD, 
125µM NADPH and 0.25unit/ml Aspergillus niger nitrate reductase. After 
incubation at 37°C for 30min in the dark, 1.25µl of l500units/ml LDH and 12.5µl of 
100mM pyruvic acid were added to the sample mixture, and incubated at room 
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temperature for 20min. Equal volumes (50µl) of 0.2% (v/v) N-(1-
naphthyl)ethylenediamine dihydrochloride in 5% (v/v) H3PO4 and 2% (w/v) 
sulphanilamide in 5% (v/v) H3PO4 were later mixed, and added to the sample at the 
end of the incubation. Absorbance was measured at 543nm against the blank after 
further incubation for 10min. For determination of NO2⎯   alone, 100µl of 0.0625M 
HEPES buffer alone (for initial incubation) and 13.75µl of distilled water (to replace 
LDH and pyruvic acid) were used. A standard curve was prepared using NaNO2 and 
NaNO3. 
2.10 Statistical Analysis 
Data were analyzed using Student’s t-test. Significance was assumed when P < 0.05. 
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CHAPTER 3 ANALYSIS OF OXIDATIVE DAMAGE IN 
MITOCHONDRIAL AND NUCLEAR DNA  
3.1 Results 
3.1.1. Isolation and Characterization of Pure Mitochondrial DNA  
3.1.1.1. Isolation of Pure Mitochondrial DNA 
It is necessary to obtain DNA of high purity in order to make a comparison of 
oxidative damage between mtDNA and nDNA as contamination of mtDNA by 
nDNA can invalidate the comparison. We therefore carried out the isolation of 
mtDNA using two different methods: first, isolation of mitochondria followed by 
extraction of DNA from these organelles; and second, isolation of total cellular 
DNA followed by separation of mtDNA  
In the first method, mitochondria were separated from nuclei using differential 
centrifugation with or without subsequent Percoll density gradient centrifugation. 
DNA was then extracted from the isolated mitochondria, and used as template in the 
PCR to check for contamination.  The whole gradient formed by Percoll was also 
divided into small fractions, the purity of each was checked after DNA was isolated 
from them. In the second method, total cellular DNA was isolated from the tissue 
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homogenate, and separation of DNAs was performed using CsCl buoyant density 
gradient centrifugation. 
The purity of isolated mtDNA and nDNA were determined by checking for the 
presence of the cytochrome b gene and the β-actin gene in the DNA preparations. 
Cytochrome b gene, which is identified as a 467bp PCR product, is coded by 
mtDNA whereas β-actin gene, which is identified as a 395bp PCR product, is coded 
by nDNA. The primers for these two gene fragments were used in the purity 
checking of mtDNA preparations by PCR method.  To find out the detection limit of 
PCR for β-actin in mtDNA, a range of serial dilutions of nDNA in sterile water was 
used to generate a standard curve. Increasing amounts of DNA within the range of 0-
20ng were used as templates in the PCR for 27 cycles, and the intensity of the β-
actin band was measured by Bio-Rad Gel Documentation System (Figure 5). As low 
as 0.3ng of nDNA could be amplified to give a distinct β-actin band after 27 cycles 
of PCR. 
 
































Figure 5 Determination of detection limit of the PCR profile using serial dilutions of nDNA as 
standards (A). A calibration curve based on the intensity of the β-actin bands was plotted (B). As low 
as 0.3ng of nDNA would be amplified to give a distinct β-actin band after 27 cycles of PCR, giving 
rise to a detection limit of approximately 3% if 10ng DNA sample is used in the verification of purity.  
3.1.1.1.1. Separation of Organelles 
Isolation of the rat liver mtDNA by first separation of mitochondria from nuclei 
using differential centrifugation with or without subsequent density gradient 
centrifugation and, then extraction of DNA from organelles, does not result in pure 
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mtDNA (Figure 6) as the mtDNA isolated was found to contain β-actin gene after 
PCR analysis of the DNA sample. 
A  











Figure 6 Mitochondria from rat liver were isolated by differential centrifugation (A) and further 
purified by Percoll density gradient centrifugation (B). DNA isolated from mitochondrial fraction (mt) 
or nuclear fraction (n) using phenol method was used as template for primers specific to the 
cytochrome b gene (a) and the β-actin gene (b).  
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However, analysis of the fractions in the gradient formed by Percoll density gradient 
centrifugation revealed that one fraction contains pure mtDNA, and as expected, 
none of them contains pure nDNA. The amount of pure mtDNA obtained using this 
method was inadequate for analysis by GC/MS, and hence an alternative method 
was desirable (Figure 7). 
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Figure 7 Mitochondria from rat liver were isolated by differential centrifugation and further purified 
by Percoll density gradient centrifugation. The solution was divided from top to bottom of the 
centrifuge tube into 29 fractions and DNA isolated from each fraction using phenol method was used 
as template for primers specific to the cytochrome b gene (a) and the β-actin gene (b). Only 1 fraction 
(2nd fraction) contains pure mtDNA. Shown are the representative gels from two independent 
experiments.  
3.1.1.1.2. Separation of DNA 
Separation of mtDNA and nDNA using discontinuous cesium chloride buoyant 
density gradient centrifugation also failed to give pure mtDNA (Figure 8). When 
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continuous density gradient centrifugation was used, one distinct band of DNA 
formed with 1.01g/ml or 0.7577g/ml CsCl centrifugation and 2 bands of DNA 
formed with 1.63g/ml followed by 0.94g/ml. However, none of these DNA gave 
pure mtDNA. Figure 9 showed the mtDNA isolated using 0.7577g/ml CsCl. 




Figure 8 Total cellular DNA was isolated using phenol method from rat liver and mtDNA separated 
by CsCl discontinuous gradient centrifugation. Two distinct bands of DNA formed – upper (U) & 
lower (L) band. These fractions, together with the fraction between the 2 bands (M), were used as 
templates for primers specific to the cytochrome b (a) and the β-actin gene (b). 
  
 










Figure 9 Total cellular DNA was isolated using phenol method from rat liver and mtDNA separated 
by CsCl continuous gradient centrifugation. One distinct band of DNA formed and was used as 
template for primers specific to the cytochrome b gene and the β-actin 395bp gene.  
3.1.1.1.3. A Modified Protocol  
The differential centrifugation method was revisited with several modifications in an 
attempt to reduce the risk of contamination. Homogenization was performed in a 
gentle way to avoid breakage of nuclei and additional centrifugation at 5,524g 
(6,000rpm) to pellet any remaining nuclei after 959g (2,500rpm) spin was 
introduced and repeated several times before the final spin at 22,095g (12,000rpm) 
to pellet mitochondria. This method resulted in mtDNA samples of desired purity 
for our comparison of damage in both nuclear and mtDNA. As shown in Figure 10, 
mtDNA samples contain cytochrome b gene but not β-actin gene, i.e. not more than 
0.3ng of nDNA was found in a 10ng mtDNA sample; and nDNA samples contain 
both types of gene (not shown). As mentioned earlier, since mtDNA constitutes only 
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1% of total cellular DNA, contamination by mtDNA in nDNA samples was 
considered not critical. 
 
Figure 10 Mitochondria from rat liver were isolated by a modified protocol of differential 
centrifugation. mtDNA isolated using DNAzol method was used as template for primers specific to 
the cytochrome b gene (467bp) and the β-actin gene (395bp).  
3.1.1.2. Characterization of Pure Mitochondrial DNA 
Restriction digestion of the mtDNA was also done to confirm its characteristics and 
purity. Results of restriction digest confirmed that the 16,300bp mtDNA was intact 
and free of RNA, and was cut into two fragments by restriction enzyme BamH1 
(5075bp and 11225bp fragments) or XbaI (6021bp and 10279bp fragments), and cut 
into six fragments by HindIII (165bp, 810bp, 2077bp, 2570bp, 4131bp and 6547bp; 
the first two fragments were too small to be visualized in our 0.5% (w/v) agarose gel) 
(Figure 11). Restriction digestion of nDNA by BamH1 generates DNA smears 
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which spread from the top to the bottom of the gel, with two distinct bands still 
appearing at molecular sizes corresponding to the two fragments generated from 
restriction digestion of mtDNA using BamH1 (not shown). 






Figure 11 (A) Restriction enzyme map of rat mtDNA. Restriction site locations are BamH1 9361 and 
14436; XbaI 612 and 10891; HindIII 1477, 5608, 7685, 10255, 11065 and 11230. (B) MtDNA 
restriction fragments on 0.5% (w/v) agarose gel stained with ethidium bromide. 
A 
B 
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Since the optimized method of mitochondrial isolation gave the desired purity, and 
the method of DNA extraction by DNAzol provided the necessary convenience and 
efficiency, this modified method was later used to isolate nDNA and pure mtDNA 
for analysis of oxidative damage by GC/MS.  
3.1.1.3. Verification of Purity of the DNA 
As the yield of pure mtDNA using this method was low (<5µg/rat), 80 rats were 
sacrificed and the mtDNA samples pooled to produce 11 mtDNA samples of 
sufficient amount for two independent GC/MS analyses. Figure 12 shows 6 of the 11 
DNA samples prepared for GC/MS analysis. 
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Figure 12 nDNA (n1-6) and mtDNA (mt1-6) isolated from rat liver using the modified DNAzol 
method were used as templates for primers specific to the cytochrome b gene and the β-actin gene. 
nDNA preparations contain both nDNA and mtDNA whereas mtDNA preparations contain only 
mtDNA. 
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3.1.2. Oxidative Damage in Mitochondrial and Nuclear DNA  
3.1.2.1. Comparison between Phenol and DNAzol Method 
This study used DNAzol to prepare DNA for analysis by GC/MS. Commercial 
salmon testis DNA was re-extracted either by phenol or DNAzol, and no increase in 
levels of all base damage products was observed in the re-extracted DNA. Hence 
DNAzol method was regarded as suitable for GC/MS analysis (Table 1). 
 
         












               
               
5-OH, Me 
Hydantoin 
0.013 ± 0.002  0.013 ± 0.002  0.018 ± 0.001  0.7143 0.0014 
5-OH Uracil 0.046 ± 0.012  0.077 ± 0.025  0.038 ± 0.005  0.1075 0.2929 
5-OH, Me Uracil 0.121 ± 0.004  0.138 ± 0.016  0.103 ± 0.015  0.0881 0.0531 
5-OH Cytosine 0.072 ± 0.012  0.077 ± 0.017  0.056 ± 0.011  0.6323 0.1348 
FAPy Adenine 0.453 ± 0.032  0.441 ± 0.052  0.423 ± 0.036  0.6979 0.2605 
8-OH Adenine 0.012 ± 0.004  0.015 ± 0.003  0.023 ± 0.007  0.4314 0.0931 
FAPy Guanine 0.820 ± 0.211  0.687 ± 0.207  0.607 ± 0.208  0.4032 0.2016 
8-OH Guanine 0.100 ± 0.05  0.139 ± 0.045  0.112 ± 0.029  0.2270 0.6625 
               
Table 1 Salmon testis DNA (control DNA) was re-extracted using phenol or DNAzol method and 
analyzed using GC/MS. Each data point represents the mean ± sd for four independent preparations. 
5-formyl uracil and 2-OH adenine were present at levels that are too low for detection.  
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3.1.2.2. Comparison between Mitochondrial and Nuclear DNA 
Analysis of the mtDNA and nDNA extracted using DNAzol revealed that the 
damage in mtDNA is not higher than that in nDNA (Table 2). In contrast to all 
previous studies, 8-OH Guanine level is much higher in nDNA than in mtDNA. 
Other compounds e.g. Fapy Guanine, Fapy Adenine and 5-OH Cytosine were also 
higher in nDNA. The chromatograms of 8-OH Guanine and Fapy Guanine are 
shown in Figure 13. 
              
  mtDNA  nDNA  Ratio p values 
  (nmol/mg DNA)  (nmol/mg DNA)  n/mt  
              
              
5-OH, Me Hydantoin  0.044 ± 0.016  0.058 ± 0.038  1.32 0.296 
5-OH Uracil  0.028 ± 0.017  0.023 ± 0.011  0.82 0.450 
5-OH, Me Uracil  0.105 ± 0.130  0.142 ± 0.122  1.35 0.502 
5-OH Cytosine  0.009 ± 0.009  0.122 ± 0.119  13.60 0.005 
FAPy Adenine  0.044 ± 0.018  0.064 ± 0.007  1.45 0.044 
8-OH Adenine  0.090 ± 0.074  0.036 ± 0.016  0.40 0.031 
FAPy Guanine  0.043 ± 0.014  0.097 ± 0.025  2.26 0.003 
8-OH Guanine  0.022 ± 0.012  0.137 ± 0.062  6.23 1.85e-5 
              
Table 2 Oxidative base damage products in mtDNA and nDNA isolated from rat liver tissue using 
modified DNAzol method. Approximately 80 rats were sacrificed, the livers were removed for DNA 
extraction, and nDNA and pure mtDNA samples from 5-8 rats were pooled to give 11 DNA samples 
for analysis. Each data point represents the mean ± sem for 11 samples from two independent 









Figure 13 Chromatograms of the target ions of (A) Fapy Guanine and (B) 8-OH Guanine in mtDNA  
and nDNA.  
Pure mtDNA in our experiments was isolated from the 22,095g mitochondrial pellet 
collected after a 5,524g centrifugation. This latter speed, intended to remove 
remaining nuclei, might however have removed most of the heavy mitochondria, 
leaving only light mitochondria and therefore it is possible that the pure mtDNA 
obtained for the analysis represented to a large extent, the DNA from light 
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mitochondria. If oxidative adducts mostly lie in the heavy mitochondria we might 
have eliminated most of them. To investigate this possibility, we also collected 
5,524g pellets as crude mitochondrial preparations for analysis. As shown in Figure 
14, the relative abundance of mtDNA to nDNA was higher in DNA from crude 
mitochondrial pellet (cmDNA) than in nuclear DNA. While it is difficult to assess 
the proportion of each types of DNA in this cmDNA preparations, cmDNA is taken 
to represent mtDNA contaminated with nDNA, and therefore the levels of 8-OH 
Guanine, Fapy Guanine, Fapy Adenine and 5-OH Cytosine in cmDNA would be 
expected to be higher than those in pure mtDNA, which carries less amount of these 
products when compared to nDNA.  
 
 
Figure 14 Restriction fragments of nDNA, cmDNA and mtDNA on 0.5% (w/v) agarose gel stained 
with ethidium bromide. 
Analysis of the cmDNA showed similar result to that with mtDNA – several damage 
products in cmDNA were lower than that in nDNA. Therefore, the comparison of 
these three types of DNA – nDNA, cmDNA and pure mtDNA revealed that the most 
λHind III nDNA cmDNA
BamH1 - + - +
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heavily damaged base products were from nDNA and not mtDNA or cmDNA 
except in the case of 5-OH Uracil (Table 3). 




              
 mtDNA cmDNA nDNA nDNA/mtDNA nDNA/cmDNA 
 (nmol/mg DNA) (nmol/mg DNA) (nmol/mg DNA) ratio p ratio p 
              
              
5-OH, Me Hydantoin 0.048 ± 0.014 0.041 ± 0.009 0.047 ± 0.007 0.979 0.862 1.146 0.150 
5-OH Uracil 0.048 ± 0.003 0.055 ± 0.017 0.033 ± 0.009 0.541 0.056 0.600 0.004 
5-OH, Me Uracil 0.006 ± 0.002 0.030 ± 0.008 0.034 ± 0.008 5.667 8.9e-6 1.133 0.349 
5-OH Cytosine 0.013 ± 0.004 0.122 ± 0.066 0.280 ± 0.079 21.54 7.7e-6 1.986 2.9e-4 
FAPy Adenine 0.044 ± 0.018 0.049 ± 0.008 0.061 ± 0.007 1.386 0.021 1.245 0.006 
8-OH Adenine 0.020 ± 0.002 0.038 ± 0.011 0.051 ± 0.011 2.550 7.2e-6 1.342 0.03 
FAPy Guanine 0.043 ± 0.014 0.066 ± 0.025 0.091 ± 0.022 2.116 0.001 1.379 0.047 
8-OH Guanine 0.024 ± 0.008 0.100 ± 0.037 0.201 ± 0.052 8.375 8.7e-6 2.01 7.4e-4 
              
Table 3 Oxidative base damage products in pure mtDNA, cmDNA and nDNA isolated from rat liver tissue using modified DNAzol method. Each data point represents the 
mean ± sd for at least five independent preparations. 5-formyl uracil and 2-OH adenine were present at levels that are too low for detection.  




3.2.1. Isolation and Characterization of Pure Mitochondrial DNA  
The techniques of isolating mtDNA have long matured through various kinds of 
biochemical and genetic studies and are broadly classified into 2 types – differential 
centrifugation and density gradient centrifugation (Fleischer and Kervina, 1974a; 
Fleischer and Kervina, 1974b; Guerra, 1974; Azzone et. al., 1979; Fleischer et. al., 
1979; Mela and Seitz, 1979; Nedergaard and Cannon, 1979). The commonly used 
basic mitochondrial isolation involves low-speed centrifugation of tissue 
homogenate to remove debris, nuclei and unruptured cells, followed by high-speed 
centrifugation to collect the crude mitochondrial pellet. This has given rise to 
mtDNA of varying degrees of purity depending on the mitochondrial isolation 
methods. Contaminating nDNA can pose a problem in the measurement of damage 
in mtDNA. Mitochondrial DNA constitutes only 1% of total cellular DNA. If nDNA 
contaminates mtDNA and nDNA values are lesser (as is commonly supposed), then 
one will be less likely to see any difference. 
Table 4 shows the methods that have been employed in the comparative studies of 
oxidative damage between mtDNA and nDNA. To achieve high purity, further 
purification of the mitochondrial preparation including DNase I treatment and 
density gradient centrifugation have been performed by some researchers. Some 
authors (Higuchi and Linn, 1995; Zastawny et. al., 1998) reported the use of DNAse 
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I in the removal of contaminating nDNA from crude mitochondrial preparations, but 
it was argued that incubation of the mitochondria at 37°C would result in artefactual 
oxidation of the DNA given the evidence that higher 8-OHdG was found to be 
present in beef heart mitochondria incubated with added succinate (Giulivi et. al., 
1995). However, as discussed in the literature (Beckman and Ames, 1996), it was 
not clear if incubation of mitochondria in the absence of substrate leads to in vitro 
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NaDodSO4 lysis SDS lysis SDS lysis 
Not revealed by 
manufacturer 
 
Enzymatic removal of 
RNAs/ proteins 
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Not revealed by 
manufacturer 
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CsCl density gradient 
centrifugation No No No 
 
Check for RNA 
contamination 
 
No Yes No No 
 
Check for nDNA 
contamination 
 





HPLC/ECD GC/MS GC/MS HPLC/ECD 
Table 4 Four methods used in the previous studies on oxidative damage in mitochondrial and nuclear 
DNA 
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While previous studies on direct comparison of oxidative damage in mitochondrial 
and nuclear DNA rarely involve the use of density gradient centrifugation for 
purification of mitochondrial preparation, density gradient centrifugation does offer 
a tempting way for the study of pure mtDNA. A method of purifying mtDNA was 
demonstrated earlier (Higuchi and Linn, 1995) that involves purification of 
mitochondria by DNase I incubation and sucrose density gradient centrifugation, and 
isolation of mtDNA by CsCl density gradient centrifugation. In this study, 
mitochondria isolated using differential centrifugation and further purified on a 
sucrose density gradient yielded values of 8-OHdG that were 4 to 16 times lower 
than those in other studies after the mtDNA was isolated using CsCl density gradient 
centrifugation without ethidium bromide. However, it is not known whether sucrose 
density gradient purification would introduce or eliminate artefacts as rat liver 
mitochondria are permeable to sucrose (Pollak, 1975), a fact that can disturb 
mitochondrial separation by sucrose gradient (Packer et. al., 1971). The low reported 
value of 8-OHdG suggests that the purification scheme employed may have 
eliminated an artefact which elevated the level of 8-OHdG in the other studies or has 
resulted in the loss of a fraction of mitochondria in which the DNA was highly 
oxidized (Beckman and Ames, 1996). 
Although the use of non-permeable compounds such as Percoll in centrifugation 
might be preferable, inappropriate selection of purified mitochondrial fractions 
would lead to analysis of only a subpopulation of mitochondria in rat liver as Percoll 
density gradient centrifugation would give several different density fractions of 
mitochondria regardless of the state of development of the animals, as reported 
earlier (Lopez-Mediavilla et. al., 1989; Lopez-Mediavilla et. al., 1992). Consistent 
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with this is our data which revealed that almost all fractions of the density gradient 
formed by Percoll contain mtDNA (Figure 3). Heterogeneity of the mitochondrial 
population poses a great challenge in the study of mitochondria. Most cells contain a 
few hundred mitochondria of different sizes and shapes. The mitochondria can be 
separated, by differential centrifugation, into a few subpopulations of mitochondria 
(light and heavy mitochondria are the commonly reported ones) with different 
respiratory enzyme activities (Green et. al., 1957; Frisell et. al., 1965; Goglia et. al., 
1988) or, by density gradient centrifugation for instance Percoll, into 3 (or probably 
more) subpopulations of mitochondria which showed different enzyme activities 
(Lopez-Mediavilla et. al., 1989; Lopez-Mediavilla et. al., 1992). These mitochondria 
were suggested to be at different developmental stages into maturation. However, 
even mitochondria within the same developmental stage can show heteroplasmy i.e. 
within a cell or organism, some copies of mtDNA are different from others. While a 
typical animal cell contain 1,000-5,000 copies of the circular DNA genome (i.e. 2-
10 copies of DNA in a typical mitochondrion), a mature oocyte has an estimated 
100,000 copies of the DNA. This intracellular and intercellular heterogeneity in the 
function and structure of mitochondria, and hence the enzyme activities in 
mitochondria, has also been demonstrated in several other reports (Lanni et. al., 
1996; Hagen et. al., 1998; Venditti et. al., 2002).  
Isolation of mtDNA is probably one of the fundamental procedures in the study of 
mitochondria, but only a few studies have used highly sensitive methods to confirm 
its purity, mainly because these studies did not demand highly purified mtDNA. 
Here, we demonstrated a method of mitochondrial isolation that has resulted in pure 
mtDNA as determined by a sensitive method – polymerase chain reaction. In this 
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method, additional centrifugation at 5,524g (6,000rpm) to pellet any remaining 
nuclei after 959g (2,500rpm) spin was introduced and repeated several times before 
the final spin at 22,095g (12,000rpm) to pellet mitochondria. This additional step is 
necessary for a differential centrifugation method to isolate pure mtDNA which 
otherwise would be contaminated by nDNA. 
It is noteworthy that our initial isolation of pure mtDNA was often accompanied by 
contamination by RNA. While first thought to be fragmented mtDNA, these RNAs 
were found in mtDNA (but not in nDNA), and occur as smears below 1000bp in a 
0.5% (w/v) agarose gel. The fact that these are remaining RNA that was not 
completely removed after the first RNase A and RNase T1 treatment was evident 
when the smear did not show up following a second RNase A and RNase T1 
treatment. Similar observation was also made in a recent work (Suter and Richter, 
1999). The reason for incomplete RNA digestion is unknown. Contamination of 
DNA samples by RNA can exert a devastating effect on GC/MS analysis. While 
HPLC/ECD measures nucleosides prepared by enzymatic digestion of DNA, 
GC/MS detects bases released by acidic hydrolysis from DNA. In acidic hydrolysis, 
RNA would also be hydrolysed together with DNA to release bases. The base 
damage products released from RNA would during the analysis be counted as DNA 
oxidation products, and therefore affect the DNA damage level measured. The 
consequence of this will most likely be an overestimation of the DNA damage level, 
especially in light of a recent observation (Liu et. al., 2002a) that oxidative damage 
to nucleic acid in brain occurred predominantly in RNA. Hence, it is essential in 
GC/MS analysis to remove any RNA that might be present in DNA preparations. 
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3.2.2. Oxidative Damage in Mitochondrial and Nuclear DNA  
Our failure to replicate the findings of more extensive damage in mtDNA is 
interesting. In contrast to most previous reports, oxidative base damage products in 
nDNA were found to be generally higher in our experiments. It was so despite the 
fact that two independent experiments were carried out on two separate occasions 
involving different GC columns, batches of chemicals and a total number of 80 rats. 
Unless a systematic error has been repeated, the quantity of rats used in this 
experiment would be sufficient for the damage level measured to be taken to reflect 
the average damage level in a typical rat. If the artefacts associated with ex vivo 
oxidation of DNA by free radicals from mitochondria have been eliminated from 
this experiment but not others, a higher level in oxidative damage in nDNA would 
seem to be an intriguing observation.  
Table 5 summarizes the oxidative damage levels in mtDNA and nDNA reported in 
the literature. While the levels of nDNA damage reported in most studies differ by 
only one order of magnitude, the claimed damage levels in mtDNA reveal a large 
variation. In particular, one study (Zastawny et. al., 1998) reported levels of mtDNA 
damage which differed largely from others, and all the damage levels were at least 5 
fold higher than those in other studies, reaching the largest difference of 125 fold in 
the case of 5-OH, Me Hydantoin (1738 vs. 14 lesions/106 bases) when compared to 
the current study. Such a huge variation occurred despite the fact that the same 
analytical method was used to study oxidative damage in both the studies (Zastawny 
et. al. (1998) vs. current study, Table 5). Although RNA content was reported to be 
<5% in that report, it was not sure how much overestimation this amount of RNA 
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would contribute to the levels of damage observed and therefore it is difficult to 
estimate the actual levels of damage in mtDNA. The degree of purity of the mtDNA 
used in the analysis was also not clear from that report. Furthermore, although 
derivatization in their work was carried out at 130°C under nitrogen, even a small 
amount of residual oxygen would be sufficient to make artefactual oxidation of 
DNA bases a problem at such a high temperature, especially when an antioxidant 
was absent. It is not a criticism of this early work to stress that while it is impossible 
to know which values represent the most accurate estimates of in vivo oxidation, 
high levels of damage are often associated with artefactual oxidation (Collins et. al., 
1997a; Helbock et. al., 1998).  Hamilton et. al. (2001), on the other hand, reported 
very low levels of damage in both mtDNA and nDNA. The level of 8-OHdG in 
mtDNA in that study was in fact close to the lowest value reported so far (Higuchi 
and Linn, 1995) when all studies were compared including those that studied 
mtDNA damage alone (Beckman and Ames, 1999).  
Our data are consistent with the report by Anson et. al. (1999), claiming no elevated 
levels of oxidative base damage in mtDNA (Table 5). While the levels were similar 
in both mtDNA and nDNA for most base damage products (including 8-OH 
Guanine), three lesions - 5-OH Uracil, 8-OH Adenine and 5-OH Cytosine were 
found to be statistically significant higher in nDNA than in mtDNA, and four other 
lesions were present at lower levels in mtDNA than in nDNA, albeit not achieving 
statistical significance. It should be noted that while the level for 8-OH Guanine in 
mtDNA published (Anson et. al., 1999) was 135 lesions/106 bases, it was later 
reported by the same group (Anson et. al., 2000) that such mtDNA damage level 
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might have been overestimated by 3-fold.  If that is the case, the difference in the 
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 1988 1998 1999 2001 2004 
      
5-OH Hydantoin  27 155   
5-(OH, Me) Hydantoin  36 33  18 
5-OH Uracil   12  7 
5-(OH, Me) Uracil  10 14  45 
5-OH Cytosine  34 56  39 
FAPy Adenine   24  20 
8-OH Adenine   133  12 
FAPy Guanine   55  31 
8-OH Guanine 8 171 263 0.07 43 
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Anson 
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Hamilton 




 1988 1998 1999 2001 2004 
      
5-OH Hydantoin  1137 121   
5-(OH, Me) Hydantoin  1738 49  14 
5-OH Uracil   7  9 
5-(OH, Me) Uracil  200   33 
5-OH Cytosine  223 15  3 
FAPy Adenine   8  14 
8-OH Adenine   43  28 
FAPy Guanine   75  18 
8-OH Guanine 130 758 135 0.43 7 
      
Table 5 Comparison of levels of 8-OHdG or 8-OH Guanine in mtDNA and nDNA from several 
studies. Conversion factor used is 1nmol of 8-OHdG/mg DNA equals to 318 8-OHdG/106 DNA 
bases (Halliwell, 1999)  
By contrast, direct comparisons between nDNA and mtDNA in several studies have 
seemingly revealed greater oxidative damage to mtDNA (Richter et. al., 1988; 
Zastawny et. al., 1998; Hamilton et. al., 2001). Three possibilities have been 
suggested to lead to such observation: first, mtDNA suffers greater oxidative 
damage in vivo (due to lack of histones and close proximity to electron transport 
chain (ETC)); second, mtDNA damage is less efficiently repaired than nDNA; third, 
mtDNA is more prone to ex vivo artefactual oxidation. 
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3.2.2.1. Inefficient Mitochondrial DNA Repair? 
While the first question remains unanswered due to the inherent difficulties and 
problems in the analysis of oxidative damage in mtDNA and, to a lesser extent, 
nDNA (Claycamp, 1992; Harris et. al., 1994; Shigenaga et. al., 1994; Adachi et. al., 
1995; Nakae et. al., 1995; Beckman and Ames, 1996; Douki et. al., 1996; Cadet et. 
al., 1997; Collins et. al., 1997a; Helbock et. al., 1998), the last few years have seen 
assumptions about the inefficient repair of mtDNA disproved. Evidence to suggest 
that mitochondria lacked DNA repair mechanisms came originally from the 
observation that UV damage is not repaired in mitochondria (Clayton et. al., 1974; 
LeDoux et. al., 1992), while it is efficiently processed in the nuclei by nucleotide 
excision repair (NER). In addition, damage caused by cisplatin and nitrogen mustard, 
is inefficiently repaired in mitochondria (LeDoux et. al., 1992). From these studies it 
had been widely assumed that mitochondria have little DNA repair capacity. It was 
after the discovery of the base excision repair (BER) mechanism in mitochondria 
that this view began to change. In BER, the lesions are removed by the combined 
action of a DNA glycosylase and an AP endonuclease, leaving behind a one-base 
gap. The gapped product is then further repaired by the sequential action of DNA 
polymerase and DNA ligase. BER was shown to efficiently remove from mtDNA 
damage induced by alkylating agents, alloxan, streptozotocin, and acridine orange 
(Driggers et. al., 1993; LeDoux et. al., 1993; Taffe et. al., 1996). Following the 
subsequent reports on the purification of enzymes involved in the removal of 8-
OHdG (Croteau et. al., 1997), it was then evident that mitochondria repair oxidative 
DNA damage although it still remains to be determined whether nucleotide excision 
repair factors participate in mtDNA repair. In particular, it is now obvious that 
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oxidative DNA damage, such as strand breaks and 8-OHdG is efficiently repaired in 
mtDNA and the repair in mtDNA can be as fast as or even faster than that in the 
nDNA (Taffe et. al., 1996; Thorslund et. al., 2002).  
3.2.2.2. Ex Vivo Damage to Mitochondrial DNA? 
Regardless of the efficiency of damage repair mechanisms, as those three studies 
indicate higher oxidative damage level in mtDNA, it was still thought by many 
researchers that this reflects greater susceptibility of mtDNA either to in vivo or to 
ex vivo oxidation. There are common bases for both arguments – first, mitochondrial 
electron transport chain is active both in vivo and in vitro and hence is the major 
source of free radical generation and second, mtDNA damage must be higher. The 
possibility of in vitro artefactual oxidation of DNA was pursued in the later part of 
our study (see Chapter 4).  
Other kinds of artefacts have also been observed. Beckman and Ames (1996) 
claimed an inverse correlation between the ratio of 8-OHdG/dG and the amount of 
DNA analyzed. Several-fold increase in the measured value was observed when the 
total amount of DNA hydrolyzed drops below 10µg before analysis by HPLC/ECD. 
The reason for this is unknown, but it was suggested that comparisons between 
samples should be performed on equivalent amounts of DNA and meticulous 
attention be paid to total system hygiene in view of the sensitivity of ECD. In the 
current study, we used 40µg DNA in the first experiment and 20-30µg DNA in the 
second experiment to measure oxidative damage in mtDNA. 
 Chapter 3 Analysis of oxidative damage in mitochondrial and  nuclear DNA 
 
77
3.2.2.3. In Vivo Damage to Mitochondrial DNA? 
While the two arguments that used to support the hypothesis that mtDNA damage is 
extensive - inefficient oxidative damage repair and ex vivo oxidation of mtDNA by 
free radicals are now questioned, the question of whether in vivo mtDNA suffers 
more oxidative damage remains a difficult one to answer. The close proximity of 
DNA to the electron transport chain and lack of histones have always been the 
hypothetical reasons for the greater damage and higher rate of mutation in mtDNA. 
Although mtDNA is attached to the inner membrane of mitochondria, there is no 
evidence that free radicals generated would easily attack the mtDNA. Indeed, even 
when HeLa cells were exposed to 3mM H2O2 at 37°C (Higuchi and Linn, 1995), no 
significant increase in the 8-OHdG levels was observed. Histone proteins are best 
known for their role in packaging DNA into a compact form. It is a commonly held 
notion that these chromosomal proteins function to protect the genomic DNA in 
nucleus, and mtDNA which does not have this ‘protective coat’ is more susceptible 
to oxidative damage. In support of this hypothesis, mtDNA has been reported to 
suffer more damage compared to nDNA when quantitative PCR was used to 
evaluate DNA injury after exposure of cells to H2O2 (Salazar and Van Houten, 1997; 
Yakes and Van Houten, 1997). However, when cells are exposed to the damaging 
effect of acridine orange and visible light, the oxidative damage produced in 
mitochondria was found to be equal to that in nuclei when Formamidopyrimidine 
glycosylase (FPG)/southern blot quantitative assay was used to detect FPG-
recognized lesions (Taffe et. al., 1996). On the other hand, it was also discussed 
(Thorslund et. al., 2002) that mtDNA which is free of histones may allow greater 
accessibility of repair enzymes to the lesions in mtDNA than in highly condensed 
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nDNA, and therefore may lead to a faster repair of oxidative DNA lesions in 
mitochondria. Hence, while a direct evidence for protective or ‘destructive’ role of 
histones in the oxidative damage in mtDNA is lacking, the concept that lack of 
histone causes a higher steady-state levels of damage in mtDNA should really be 
revised. It could be the other way around. 
Mitochondrial DNA mutates at a much faster rate than nuclear DNA (Wallace et. al., 
1987), a phenomenon often quoted as an evidence that oxidative damage to mtDNA 
must be extensive. In particular, levels of oxidative damage to mtDNA isolated from 
rat liver or various human brain regions are claimed to be at least 10-fold higher than 
those of nuclear DNA and this increase was always thought to correlate with the 17-
fold higher evolutionary mutation rate in mtDNA compared with nDNA. Mutations, 
especially deletions, are observed in various tissues (Cortopassi et. al., 1992; 
Gadaleta et. al., 1992; Simonetti et. al., 1992; Edris et. al., 1994; Melov et. al., 
1994). They normally involve large portions of the mitochondrial genome, often 
located between the two origins of replication, and are thought to underlie certain 
rare diseases of oxidative phosphorylation, including myopathies and 
encephalomyophathies. The levels of these deletions, measured with PCR 
techniques, increase markedly with age in heart (Cortopassi et. al., 1992) and brain 
(Corral-Debrinski et. al., 1992; Soong et. al., 1992; Filburn et. al., 1996). 
Correlations have also been reported between deletion levels and levels of 8-OHdG 
in heart mtDNA (Hayakawa et. al., 1992), thus suggesting that oxidative damage to 
mtDNA may be an initiating event. However, while the most important 
consequences of unrepaired oxidative DNA damage are mutations (Wallace, 2002) 
and mutation rates are higher in mtDNA, it is still unclear if oxidative stress is the 
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main cause of mutation. Mutation that would be expected to result from 8-OH 
Guanine is a G-T transversions rather than deletions (Kouchakdjian et. al., 1991), 
but mutational consequences specific to G-T transversions are rarely reported in 
mtDNA (Horai and Hayasaka, 1990). This suggests that factors other than 8-OH 




 Chapter 4 Is there ex vivo production of H2O2 and oxidation of biomolecules during isolation of mitochondria? 
 
80
CHAPTER 4 IS THERE EX VIVO PRODUCTION OF 
HYDROGEN PEROXIDE AND OXIDATION OF 
BIOMOLECULES DURING ISOLATION OF 
MITOCHONDRIA? 
4.1 Results  
4.1.1. Is there Artefactual Oxidation of DNA during Isolation? 
To investigate if artefactual oxidation occurs during isolation, liver tissue 
homogenate was incubated at room temperature for a specified period of time, and 
an aliquot was taken at certain time points for isolation of total cellular DNA. No 
detectable fragmentation of DNA occurred during the incubation of the tissue 
homogenate (Figure 15). 





Figure 15 Gel electrophoresis of total cellular DNA isolated from rat liver. Liver tissue homogenate 
was incubated for the time periods shown before DNA isolation and gel electrophoresis. No 
detectable degradation of DNA was observed. Shown is a representative gel from two independent 
experiments. 
Oxidized DNA bases were generally not found to increase over the time period that 
we studied (Figure 16). 




















































Figure 16 Oxidative base damage products in total cellular DNA isolated from rat liver. Liver tissue 
homogenate (pooled from 2 rats for each experiment) was incubated for the time periods shown 
before isolation and GC/MS analysis of DNA. 5-formyl uracil and 2-OH adenine were present at 
levels that are too low for detection. Each data point represents the mean ± sd for at least 3 separate 
experiments. * The base damage product level at the specified time point is significantly higher at 
P<0.05 than that at 0min but this may be a random event as there is no progressive increase in base 
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Ideally, we would like to do this experiment by studying DNA damage in isolated 
mitochondria, but this cannot be done because the amount of pure mtDNA required 
and the quantity of rats involved for such a time course study would be very large. 
As the yield of pure mtDNA/rat was low, several hundreds of rats will have to be 
sacrificed if we need to perform such study. We therefore examined the effects of 
incubation of tissue homogenate or isolated mitochondria on mitochondrial ROS 
generation and on mitochondrial protein oxidation and overall lipid peroxidation. 
4.1.2. Is there Release of H2O2 from the Rat Mitochondria during Isolation? 
We attempted to detect H2O2 released by liver mitochondria into the 
extramitochondrial space during isolation. The liver mitochondria are respiring and 
are tightly coupled with a respiratory control ratio (RCR) of 4.5 (Figure 17). As 
shown in Figure 18, the fluorescence corresponding to H2O2 did not increase, i.e. 
H2O2 production by isolated liver mitochondria using endogenous respiratory 
substrates could not be detected. Catalase had no effect on the fluorescence.  
 




1mg/ml mt 10mM Suc 0.3mM ADP
 
Figure 17 Rat liver mitochondria isolated using differential centrifugation were tightly coupled with a 
RCR of 4.5. Shown is a representative diagram from five independent experiments. 
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Figure 18 Detection of H2O2 released from rat liver mitochondria. No release of H2O2 occurs during 
isolation. The sudden apparent increase in fluorescence following addition of mitochondria is due to 
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As endogenous substrates might have been removed during washing of 
mitochondria, succinate was therefore added to further support mitochondrial 
respiration and hence free radical generation. However, a continuous increase in 
fluorescence level was not observed (Figure 19) even if mitochondria were further 
purified using Percoll density gradient centrifugation (Figure 20).  













Figure 19 Monitoring of H2O2 production in rat liver mitochondria isolated by differential 
centrifugation. No H2O2 was detected even in the presence of succinate. Shown is a representative 


























 Chapter 4 Is there ex vivo production of H2O2 and oxidation of biomolecules during isolation of mitochondria? 
 
86












+ 1.33U/ml HRP + 10mM Suc + 0.5mM ADP
 
Figure 20 Monitoring of H2O2 production in rat liver mitochondria isolated by differential 
centrifugation followed by Percoll density gradient centrifugation. No H2O2 was detected even in the 
presence of succinate. Shown is a representative diagram from two independent experiments. 
If H2O2 were produced in liver mitochondria, the absence of detectable H2O2 could 
be due to the presence of H2O2 scavenging activity. As shown in , H2O2 preincubated 
with mitochondria was not detected by PHPA-HRP system (A) while H2O2 alone 
was detectable as shown in the increase in fluorescence when PHPA-HRP system 
was added (B). When H2O2 was added to the PHPA-HRP system preincubated with 
either buffer or liver mitochondria, a larger increase in fluorescence was observed 
when mitochondria was not present (C vs. D), indicating that H2O2 scavenging 
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Figure 21 Scavenging of H2O2 in rat liver mitochondria isolated by differential centrifugation. Shown 
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We tested if this scavenging activity in liver mitochondria was due to catalase using 
its inhibitor, 3-amino-1,2,4-triazole. We first preincubated liver mitochondria with 
aminotriazole for about 3 minutes and found that exogenous  H2O2 added was still 
not detectable by the PHPA-HRP system (Figure 22A & B), demonstrating that this 
scavenging activity is not sensitive to aminotriazole. Therefore, H2O2, if generated in 
vitro, would be rapidly scavenged and presumably not be available to attack 
biomolecules during isolation of liver mitochondria. 
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Figure 22 Detection of H2O2 in rat liver mitochondria in the presence of aminotriazole (ATZ). 
Preincubation of mitochondria with aminotriazole for the time indicated failed to recover the H2O2. 
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In order to check that our methods were valid, we also demonstrated here the 
production of H2O2 in heart mitochondria during respiration, indicated by the 
continuous increase in fluorescence following the addition of succinate. The 
detection of H2O2 was, as expected, inhibited by catalase and ADP (Figure 23; 
Figure 24). The same occurred with the addition of rotenone, the inhibitor of 
respiratory complex I. Addition of antimycin A (respiratory complex III inhibitor) 
induced a rapid increase in H2O2 production (Figure 24). 










+ 10mM Suc + 267U/ml Catalase
+ 50ug/ml mt
+ 166ug/ml PHPA
+ 1.33U/ml HRP + 267U/ml Catalase
 
Figure 23 H2O2 production in rat heart mitochondria isolated by differential centrifugation. H2O2 was 
detected in the presence of succinate. Shown is a representative diagram from three independent 



























































































































Figure 24 (A) H2O2 production in rat heart mitochondria isolated by differential centrifugation. H2O2 
production was inhibited by ADP. Shown is a representative diagram from two independent 
experiments. (B) Effect of respiratory complex inhibitor on H2O2 production. Rotenone decreases 
H2O2 production whereas antimycin A increases it. Each data point represents mean ± sd for four 
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1mg/ml mt 10mM Suc 0.3mM ADP  
Figure 25 Rat heart mitochondria isolated using differential centrifugation. Shown is a representative 
diagram from three independent experiments 
As with liver mitochondria, we also observed that H2O2 preincubated with heart 
mitochondria was not detected by PHPA-HRP system (Figure 26A) while H2O2 
alone was detectable (B). When H2O2 was added to the PHPA-HRP system 
preincubated with either buffer or heart mitochondria, a larger increase in 
fluorescence was observed when mitochondria was not present (Figure 26B vs. C), 
indicating that H2O2 scavenging activity is also present in the heart mitochondrial 
preparation. However, comparison of the reduction in fluorescence signals 
associated with H2O2 scavenging by both types of mitochondria (C vs. Figure 26B) 
revealed that the decrease in fluorescence signal with heart mitochondria is less than 
that with liver mitochondria. Hence, although heart mitochondria showed H2O2 
scavenging activity, they do so to a lesser extent when compared to liver 
mitochondria (Figure 27).  
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Figure 26 Scavenging of H2O2 in rat heart mitochondria. Shown is a representative diagram from at 
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Figure 27 Scavenging of H2O2 in rat heart and liver mitochondria. Each data point represents mean ± 
sd for three independent experiments. * Liver mitochondria have significantly higher scavenging 
activity at P<0.05 level when compared to heart mitochondria. Refer to text for details.  
Comparison of scavenging activity among the subcellular compartments of heart 
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Figure 28 Scavenging of H2O2 in subcellular fractions of rat heart tissue. Each data point represents 
average of two separate samples differing by < 11%. No significant difference in scavenging activity 
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Although heart mitochondria started to produce H2O2 following addition of succinate, 
the increase in fluorescence signal stopped after a certain time (Figure 29A). This 
decline in production of H2O2 was not due to the depletion of succinate as further 
addition did not induce H2O2 production.  Neither was it due to a decline in electron 
transport chain activity over time after isolation (data not shown). This phenomenon 
did not occur with other respiratory substrates e.g. pyruvate/malate and α-
ketoglutarate presumably because these two substrates induced only minimal H2O2 
production or it reached a steady state of production and removal (Figure 30). In 
addition, it was also observed that the addition of ADP did not decrease the 
production of H2O2 by mitochondria supplemented with α-ketoglutarate and 
pyruvate/malate, similar to an earlier finding (Herrero and Barja, 1997a). Therefore, 
it is likely that the decline in H2O2 production is associated with the effect of H2O2 
produced as mitochondria not preincubated with succinate would still show H2O2 
production soon after addition of succinate (Figure 29A). In fact, it has been 
reported that H2O2 might cause uncoupling of mitochondria by decreasing 
mitochondrial membrane potential of cardiomyocytes (mild uncoupling)(Iwai-Kanai 
et. al., 2003) and even a small decrease in membrane potential was able to inhibit 
H2O2 production (Miwa and Brand, 2003). Hence even if H2O2 production does 
occur during isolation of heart mitochondria in the presence of exogenous succinate, 
its rate would fall to less than 50% of the initial rate 30min after the first addition of 
succinate (Figure 29B).  










































Figure 29  (A) The increase in fluorescence slows down after a certain time following first addition 
of succinate. Shown is a representative diagram from two independent experiments (B) The rate of 
H2O2 production by mitochondria declines to nearly 0 after a period of 3hr incubation with succinate. 
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Figure 30 Production of H2O2 by mitochondria using different respiratory substrates. Each data point 
represents mean ± sd for four independent experiments.  
Thus, we conclude that whereas heart mitochondria do produce H2O2, liver 
mitochondria do not under our reaction conditions. The fact that we could easily 
detect H2O2 from rat heart mitochondria shows that our methods were working. 
Liver mitochondria were reported to produce the least amount of H2O2 (undetectable 
when succinate was used as substrate) when compared to mitochondria from heart or 
skeletal muscle (St-Pierre et. al., 2002). The greater H2O2 scavenging capacity of 
liver mitochondria may explain the undetectable H2O2 in these mitochondrial 
preparations. To confirm this, we examined possible changes in the levels of protein 
carbonyl and lipid peroxidation products during incubation of tissue homogenate 
and isolated mitochondria.  
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4.1.3. Is there Artefactual Oxidation of Protein and Lipid during Isolation? 
When liver tissue homogenate was incubated over a period of 3hr before 
fractionation of the subcellular compartments and isolation of protein for analysis, 






























Figure 31 Protein carbonyl levels in subcellular fractions isolated from rat liver. Liver tissue 
homogenate (pooled from 4 rats for each experiment) was incubated for the time periods shown 
before isolation and analysis of protein. Each data point represents the mean ± sd for at least three 
independent experiments. * The protein carbonyl level in cytosol at 180min is significantly higher at 
P<0.05 than that at 0min.  
As the absence of increased protein carbonyl may be due to lack of endogenous 
substrate, we then studied the protein carbonyl levels in isolated mitochondria 
incubated with succinate, a respiratory substrate for complex II of the electron 
transport chain, to support respiration and hence H2O2 production. This however 
failed to increase the protein carbonyl content (Figure 32). These results were 
expected as liver mitochondria did not generate detectable H2O2 during the 
incubation (see previous section). 
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Figure 32 Protein carbonyl levels in mitochondria isolated from rat liver. Approximately 100mg of 
isolated mitochondria (pooled from 4 rats for each experiment) were incubated in the absence or 
presence of 200mM succinate for the time periods shown before isolation and analysis of protein. 
Each data point represents the mean ± sd for at least three separate experiments. No significant 
difference in protein carbonyl content was observed at P<0.05 level at all time points when compared 
to that at 0min. * However, the level of protein carbonyl in mitochondria supplemented with 
succinate for 4hr was significantly higher (P<0.05) than that in unsupplemented mitochondria. This 
may be a random event as there is no further increase in protein carbonyl levels in the succinate-
supplemented mitochondria at 8hr. 
Similarly, the addition of ADP which would presumably act to decrease H2O2 
production by mitochondria has no effect on the protein carbonyl levels (Figure 33). 
The further addition of antimycin A to succinate-supplemented mitochondria again 
did not result in a marked increase in protein carbonyl levels (Figure 33). 
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Figure 33 Protein carbonyl levels in mitochondria isolated from rat liver. Isolated mitochondria were 
incubated in the absence or presence of succinate, succinate/ADP or succinate/AA at 37°C for 60min 
before isolation and analysis of protein. Each data point represents the mean ± sd for three separate 
experiments. No significant difference in protein carbonyl content was observed at P<0.05 level 
among them.  
While isolated liver mitochondria produce no detectable H2O2, rat heart 
mitochondria showed H2O2 production. The incubation of isolated mitochondria in 
the presence of substrates was therefore performed using rat heart mitochondria. As 
shown in Figure 34, although protein carbonyl level was statistically significant 
higher at 8hr after addition of succinate, it remained at approximately 1.35nmol/mg 
protein for the first few hours of incubation. 
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Figure 34 Protein carbonyl levels in mitochondria isolated from rat heart. Isolated mitochondria were 
incubated for the time periods shown before isolation and analysis of protein. Each data point 
represents the mean ± sd for at least three separate experiments. Protein carbonyl level at 8hr is 
significantly higher than that at 0hr at P<0.05 level.  
Lipid peroxidation during isolation was also studied. Rat liver homogenate was 
incubated for the specified period of time and the cytosol collected at different time 
points for analysis of malondialdehyde. Generally, no increase over time was 
observed for both total and free malondialdehyde (Figure 35). 
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Figure 35 Malondialdehyde levels in cytosol isolated from rat liver. Liver tissue homogenate was 
incubated for the time periods shown before analysis. Each data point represents the mean ± sd for 
three independent experiments.  
Therefore, we conclude that artefactual oxidation of biomolecules during isolation of 
mitochondria is unlikely to occur. In support of our previous finding that oxidative 
damage in mitochondria was no higher than that in nuclei when oxidized DNA bases 
were analyzed, we also studied the levels of protein carbonyl in subcellular 
compartments. 
4.1.4. Protein Carbonyl in Subcellular Compartments 
Comparison of protein carbonyl levels in mitochondrial, nuclear and cytosolic 
fractions of rat liver revealed no significant difference among these subcellular 
fractions. Study of distribution of protein carbonyls showed that most of them are 
found in the cytosol, as expected (Figure 36). 




























































Figure 36 (A) Absorbance spectrum of dinitrophenylhydrazones in rat liver nuclear (a), cytosolic (b), 
and mitochondrial (c) fractions. (B) Protein carbonyl levels in subcellular fractions isolated from rat 
liver tissue. Each data point represents mean ± S.D for four independent experiments. No significant 
difference among the three fractions was observed at P<0.05 level. (C) Distribution of protein 
carbonyls in subcellular fractions isolated from rat liver. Each value represents mean for four 
independent experiments. 
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4.2 Discussion  
4.2.1. Is there ex vivo Production of H2O2 and Oxidation of Biomolecules 
during Isolation? 
Over the past few years, reports on artefactual oxidation of DNA (Douki et. al., 
1996; Cadet et. al., 1997; Collins et. al., 1997a; Collins et. al., 1997b; Helbock et. 
al., 1998) offer reasonable explanations for the wide range of measurements of 
mtDNA published so far. Mitochondria, due to their ability to generate free radicals, 
were therefore thought to be the cause of artefactual oxidation of DNA. Consistent 
with this idea was a recent report which showed using enzymatic/southern blot assay 
that the levels of 8-OHdG were approximately three fold higher when measured in 
mtDNA purified from isolated mitochondria than when measured without prior 
mitochondrial isolation (Anson et. al., 2000). Although this provided indirect 
evidence that artefactual damage to DNA occurs, there lacks a direct line of 
evidence that the damaging free radicals are generated during mitochondrial 
isolation and are available to attack DNA. In our study of oxidation of biomolecules 
during mitochondrial isolation, we failed to observe any dramatic increase in the 
oxidation of mitochondrial protein, as shown by the levels of protein carbonyl. 
Protein carbonyl levels were in our experiments analyzed in both liver and heart 
mitochondria. Heart mitochondria which actively produce H2O2 in the presence of 
succinate, did not carry a markedly increased amount of protein carbonyls even if 
succinate was added. This is so even if antimycin A was added to further stimulate 
H2O2 production. Liver mitochondria which did not release H2O2 into 
extramitochondrial space carried similar amounts of protein carbonyls throughout 
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the incubation of mitochondria in the presence or absence of succinate. We could 
not check the damage in mitochondrial DNA because the amount of pure mtDNA 
required and the quantity of rats involved for such a time course study would be very 
large. We therefore examined the effects of incubation of tissue homogenate on the 
oxidative damage products in total cellular DNA. Similarly, we also checked the 
levels of total and free malondialdehyde in total lipid content of the tissue 
homogenate over the specified incubation time. Our data suggests that oxidation 
during isolation, if it occurs at all, is likely to be small and probably unable to 
account for the huge difference in damage level (for example, at least >5 folds for 8-
OH Guanine) between mtDNA and nDNA shown in previous studies.  
As H2O2 is able to diffuse through the mitochondrial membrane we, like many others 
also attempted to detect H2O2 released by mitochondria into the extramitochondrial 
space during isolation. Although liver mitochondria have been claimed to produce 
H2O2 in some studies (Boveris et. al., 1972; Boveris and Chance, 1973), we found 
no detectable amount of H2O2 generated from liver mitochondria supplemented with 
succinate, an observation identical to that reported recently by St-Pierre et. al. 
(2002). Indeed, most or all of the H2O2, if generated, would be scavenged. 
Furthermore, it was shown recently that liver mitochondria contain a lower content 
of mitochondrial electron transport chain components compared with heart. 
Specifically, rat liver mitochondria have approximately 10 times less complex I and 
six times less complex III activity than heart mitochondria (Kwong and Sohal, 2000). 
H2O2 is mostly decomposed by the glutathione peroxidase and peroxiredoxin 
enzymes. In the liver, mitochondria account for about one third of the total 
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glutathione peroxidase activity (Chance et. al., 1979). Catalase, a major H2O2 
detoxifying enzyme found in peroxisomes, is also present in heart but not liver 
mitochondria (Radi et. al., 1991). Unlike most organs, mammalian myocytes do not 
have peroxisomes, and the catalase activity/g of tissue is about 2% that of liver 
(Nohl and Hegner, 1978). 
Studies of H2O2 production by mitochondria have often been carried out using heart 
mitochondria. We demonstrated here, as reported by many other studies, the 
production of H2O2 by heart mitochondria and the production of H2O2 when 
succinate was added. However, there is no production of H2O2 during isolation of 
mitochondria in the absence of succinate. Even if H2O2 production does occur during 
isolation in the presence of exogenous succinate, its rate would fall to less than 50% 
of the initial rate 30min after the first addition of succinate. This is probably due to 
the effect of mild uncoupling induced by the H2O2 generated during the 
mitochondrial incubation which acts as part of a feedback mechanism to limit the 
rate of superoxide production (Talbot et. al., 2004). Similar to liver mitochondrial 
preparation, heart mitochondrial preparation showed H2O2 scavenging activity, albeit 
to a lesser extent when compared to liver mitochondria.  
Using different respiratory complex inhibitors, we also found that H2O2 formation 
based on succinate was abolished by rotenone but enhanced by antimycin A, 
supporting the observation made by another laboratory (Hansford et. al., 1997), and 
a combination of both inhibitors brought the level of H2O2 close to that with 
succinate alone. This indirectly agrees with the suggestion that Complex I is 
quantitatively more significant than Complex III in generation of ROS (Hansford et. 
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al., 1997), in contrast to the previous works  that largely emphasized origination at 
Complex III (Boveris and Chance, 1973; Turrens et. al., 1985).  
4.2.2. Protein Carbonyl in Subcellular Compartments 
While much attention has been given by the scientific community to the effects of 
free radical damage to nucleic acids since 1970s, significant interest in the study of 
free radical damage to proteins arose only in late 80s. That followed from the 
proposals that metal catalyzed oxidation (MCO) of enzymes might be a marking 
step in protein turnover (Rivett, 1985a; Rivett, 1985b; Roseman and Levine, 1987) 
and, that the accumulation of oxidized proteins may be an early indication of oxygen 
radical-mediated tissue damage (Starke-Reed and Oliver, 1989). Whereas the 
oxidative damage to nucleic acids is subject to repair by highly efficient 
excision/insertion mechanisms, the repair of oxidative damage to most proteins has 
not been demonstrated except for the reduction of oxidized derivatives of the sulfur-
containing amino acid residues. Most of the damaged proteins are instead targeted 
for degradation to amino acid constituents by various proteases. The mechanism of 
protein oxidation and degradation has been described in detail in several reports 
(Stadtman and Oliver, 1991; Stadtman, 1992; Berlett and Stadtman, 1997; Stadtman 
and Levine, 2000; Stadtman, 2001).  
ROS can lead to oxidation of amino acid residue side chains, formation of protein-
protein cross-linkages, and oxidation of the protein backbone resulting in 
fragmentation. Of particular significance is the fact that oxidation of some amino 
acid residues (lysine, arginine, proline and threonine residues) leads to the formation 
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of carbonyl derivatives (Amici et. al., 1989). Carbonyl derivatives of proteins are 
also produced by various other pathways, e.g. as a consequence of cleavage 
associated with the oxidation of glutamyl residues (Uchida et. al., 1990) or 
secondary reactions of some amino acid side chains with lipid oxidation products, 
such as 4-hydroxy-2-nonenal (HNE) (Uchida and Stadtman, 1993; Friguet et. al., 
1994). Hence protein carbonyl is often used as a marker for oxidative modification 
of proteins and measurement of the carbonyl content provides a generalized 
assessment of oxidative protein damage. 
Unlike studies on oxidative damage in mtDNA, reports on oxidative damage in 
mitochondrial protein were relatively few with the first in 1994 (Forsmark-Andree 
and Ernster, 1994). In most studies, protein carbonyl levels were determined in 
tissue homogenate by measuring the cytosolic fraction. It was only a decade after the 
report by Richter et. al. (1988) that a comparison study of oxidative damage in 
protein from mitochondria and nuclei was carried out (Pleshakova et. al., 1998).  
In support of our previous finding that oxidative damage in mitochondria was no 
higher than that in nuclei when oxidized DNA bases were analyzed, we studied 
protein carbonyls in both organelles as another indicator of the extent of oxidative 
damage in mitochondria and nuclei. We found that protein carbonyl levels in 
mitochondrial fractions were not significantly higher than in nuclear fractions, and 
this is in part consistent with an earlier report (Pleshakova et. al., 1998) which 
showed that oxidative protein damage in mitochondria was not higher but instead 
lower than that in nuclei (2.51 nmol carbonyl/mg in mitochondria versus 5.22 nmol 
carbonyl/mg in nuclei). However, we found protein carbonyl levels to be similar in 
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nuclear, cytosolic and mitochondrial fractions. The discrepancy in the levels in 
nuclei between the report of Pleshakova et. al. (1998) and our data awaits further 
studies for clarification. 
4.2.3. How Significant is the in vivo Production of H2O2 and Oxidation of 
Biomolecules?  
It is often said that 1-2% of electron flow through the mitochondrial electron 
transport chain results in the univalent generation of O2•  ⎯⎯ (Chance et. al., 1979). This 
originates from in vitro experiments that involve measurements of mitochondrial 
H2O2 generation in air-saturated buffer using high concentration of substrates 
(Boveris and Chance, 1973). Isolated mitochondria studied under air-saturated 
conditions are exposed to hyperoxic conditions which may increase oxidative stress, 
and impair mitochondrial function. Hyperoxia increases H2O2 release by lung 
mitochondria because of too much oxygen over the enzymic capability to dispose of 
ROS (Turrens et. al., 1982a; Turrens et. al., 1982b). However, mitochondria in vivo 
exist in an environment with low oxygen levels. It is questionable whether the H2O2 
generation in vivo is as great as what is shown in in vitro experiments. This question 
was attempted from the aspect of mitochondrial respiration in a recent study on the 
control of mitochondrial respiration by oxygen (Gnaiger et. al., 1995). The redox 
span of electron transport to oxygen was found to be decreased under oxygen 
limitation (Gnaiger et. al., 1995), and the mitochondrial membrane potential (∆Ψ) 
declines in comparison to state 4 at experimentally elevated oxygen pressure 
(Gnaiger, 2001). The loss of membrane potential during anoxia explains the 
depressed proton leak rate (St-Pierre et. al., 2000), and therefore free radical 
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generation should be minimal. Consistent with this hypothesis was the evidence 
(Korshunov et. al., 1997; Miwa and Brand, 2003) that ROS formation in state 4 is a 
function of ∆Ψ and any decrease in this ∆Ψ resulted in a strong inhibition of H2O2 
formation by the mitochondria. Indeed, it is now believed that in vivo mitochondria 
possess a special mechanism of mild uncoupling which prevents the production of 
O2•⎯⎯ (Skulachev, 1996). This mechanism involves the up-regulation of uncoupling 
proteins (e.g. uncoupling protein 1 (UCP1)) which is associated with mitochondrial 
proton leak and therefore a decline in membrane potential (Nicholls and Locke, 
1984; Stuart et. al., 1999).  
Supraphysiological concentrations (5-10mM) of substrates such as succinate were 
often used to supplement isolated mitochondria in the studies of H2O2 generation. 
This results in a commonly reported value of 0.5 – 1.0 nmol H2O2/min/mg protein, 
however, Hansford et. al. (1997) showed that the rate of H2O2 formation is lower 
when nicotinamide adenine dinucleotide (NAD+)-linked substrates or physiological 
concentrations of succinate (<0.5mM) are used as substrates. A rate of less than 
0.5nmol of H2O2/min/mg protein was reported which represents an estimate of 0.4-
0.8% of oxygen consumption.  
Many studies have reported significant rates of H2O2 production in isolated 
mitochondria (Barja et. al., 1994; Herrero and Barja, 1997b; Herrero and Barja, 
1997a). While it is a general assumption that mitochondria deviate e⎯ to oxygen 
when bioenergetic conditions with high proton gradients and high reduction states of 
their e⎯ carriers are established (state IV), hence leading to the production of H2O2, 
which is inhibited by ATP synthesis (state III) (Loschen et. al., 1971; Boveris et. al., 
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1972; Cadenas and Boveris, 1980), it was recently reported that O2•  ⎯⎯ release from 
complex I (but not complex III) occurs even during normal respiration and was 
independent of the state of respiration (Herrero and Barja, 1997a). The authors also 
observed even higher formation rates when respiration based on pyruvate/malate 
switched from resting state IV to the active state III. In an unsuccessful attempt to 
replicate this finding, Staniek and Nohl (2000) studied the release of H2O2 from 
isolated rat heart mitochondria using four different H2O2 detection systems. In 
contrast, H2O2 release from complex I substrate-driven respiration was not observed 
with any combination of complex I substrates in both state III and state IV unless 
antimycin A was added. Similar findings were reported in experiments using 
succinate as substrate. Several other recent studies showed minimal or no detectable 
rates of H2O2 production from rat heart, brain, or liver mitochondria respiring on 
glutamate/malate, malate/pyruvate, and succinate/rotenone (Hansford et. al., 1997; 
Liu et. al., 2002b; St-Pierre et. al., 2002). Some of the discrepancies in the 
production of H2O2 between various studies might be due to the presence or absence 
of inhibitors of reversed electron transport or to methodological artefacts (Forman 
and Azzi, 1997; Staniek and Nohl, 2000). Artefacts due to the preparation procedure 
or inadequate detection methods of ROS may lead to false positive results. 
Inconsistent results were found to be due to an interaction of the detection system 
with components of the respiratory chain (Staniek and Nohl, 1999; Staniek and Nohl, 
2000; Nohl et. al., 2003). 
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CHAPTER 5 MEASUREMENT OF 2’-DEOXYINOSINE 
IN DNA BY GAS CHROMATOGRAPHY-MASS 
SPECTROMETRY  
5.1 Results 
5.1.1. Formation of Xanthine and Hypoxanthine during Acid Hydrolysis 
Acid hydrolysis of DNA is commonly used to release the DNA bases for analysis by 
GC/MS. Based on earlier studies on spontaneous deamination of guanine and 
adenine in acidic solution (Karran and Lindahl, 1980), xanthine and hypoxanthine 
are likely to be produced during the process of acid hydrolysis. Our experiments 
demonstrated that incubation of the DNA bases in formic acid led to the formation 
of hypoxanthine and xanthine from adenine and guanine (Figure 37) respectively, 
particularly at a higher temperature. Similarly, incubation of salmon testis DNA with 
formic acid produced more xanthine and hypoxanthine at a longer time while the 
amount of adenine and guanine remained the same, indicative of complete 
hydrolysis of the DNA (Figure 38). 
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Figure 37 Formation of deaminated base products upon incubation of adenine or guanine with 60% 
(v/v) formic acid (FA). 100nmol of adenine or guanine (dissolved in water pH 9 and this alkaline pH 
did not interfere with the final acidic pH during hydrolysis) was incubated with distilled water or 60% 
(v/v) formic acid at 25°C or 150°C for 45min, freeze-dried, derivatized for 2h, and measured by 
GC/MS. The amount of hypoxanthine formed during high temperature incubation of adenine with 
formic acid was significantly higher (P<0.05, *) when compared to that generated in other conditions. 
The amount of xanthine formed during high temperature incubation of guanine with both water and 
formic acid was significantly higher (P<0.05, #) when compared to that generated in other conditions. 
Each data point represents the mean ± S.D. for three separate samples.  







































































Figure 38 Complete release of adenine and guanine (A) and formation of xanthine and hypoxanthine 
(B) upon acid hydrolysis of DNA. 100µg DNA was hydrolysed using 60% (v/v) formic acid at 150°C 
for the specified times, freeze-dried and derivatized for 2h. The amount of unmodified and modified 
DNA bases was measured using gas chromatography-mass spectrometry. The levels of xanthine and 
hypoxanthine formed after acid hydrolysis of DNA for 90min and 180min were significantly higher 
(* P<0.05) when compared to that generated after hydrolysis for 45min. Each data point represents 
the mean ± S.D. for three separate samples.  
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Therefore, to avoid artefactual formation of hypoxanthine and xanthine resulted 
from acid hydrolysis, there is a need to use an alternative method to quantitatively 
measure the endogenous levels of these DNA deamination products. Enzymatic 
hydrolysis using nuclease P1 and calf intestine alkaline phosphatase was attempted. 
As these enzymes release nucleosides instead of DNA bases, the nucleoside form of 
hypoxanthine, 2’-deoxyinosine, was studied. 2’-Deoxyxanthosine, the nucleoside 
form of xanthine, was not pursued as it was not available commercially at the time 
of study. 
5.1.2. Development of GC/MS Assay for the Detection of 2’-Deoxyinosine 
and 2’-Deoxyadenosine 
Derivatization of 2’-deoxyinosine and 2’-deoxyadenosine with BSTFA yields 
volatile derivatives that are readily detected by GC/MS. Figure 39A illustrates the 
Electron Impact (EI) mass spectrum and structure of derivatized compound, tri-
TMS-2’-deoxyinosine with a mass to charge ratio (m/z) of 468.3, corresponding to 
the M+ of the silylated nucleoside. Mass to charge ratios (m/z) of 467.3 and 554.3 
correspond to the M+ ions of the derivatives of 2’-deoxyadenosine (Figure 40A) and 
2-amino-2’-deoxyadenosine (Figure 41A), respectively. Certain ions like m/z 73, 
103 and 217 are common sugar ions of 2’-deoxyribonucleosides (McCloskey, 1990), 
while many others are base ions specific to the nucleosides (e.g. m/z 193, 209 and 
237 for 2’-deoxyinosine; m/z 192, 207 and 236 for 2’-deoxyadenosine and; m/z 279, 
294 and 323 for 2-amino-2’-deoxyadenosine). For quantitative measurement of 
nucleosides, both M+ and (M-15)+ ions of the nucleosides at their respective m/z 
were monitored in the SIM mode which provides an accurate measurement of the 
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abundance of ions of interest. The detection limit of the 2’-deoxyinosine is 50fmol. 
Also shown below are the gas chromatograms of the respective derivatized 
nucleosides. The retention times were 6.88min for 2’-deoxyinosine Figure 39B), 
7.17min for 2’-deoxyadenosine (Figure 40B) and 8.04min for 2-amino-2’-
deoxyadenosine (Figure 41B).  
































Figure 39 (A) Mass spectrum and (B) total ion chromatogram of Tri-TMS-2’-deoxyinosine. The 
molecular ion of tri-TMS-2’-deoxyinosine has a m/z of 468 and retention time of 6.88min. Refer to 
text for details. 



























































































Figure 40 (A) Mass spectrum and (B) total ion chromatogram of Tri-TMS-2’-deoxyadenosine. The 
molecular ion of tri-TMS-2’-deoxyadenosine has a m/z of 467 and retention time of 7.17min. Refer to 
text for details. 
 
































































































Figure 41 (A) Mass spectrum and (B) total ion chromatogram of Tetra-TMS-2-amino-2’-
deoxyadenosine. The molecular ion of tetra-TMS-2-amino-2’-deoxyadenosine has a m/z of 554 and 
retention time of 8.04min. Refer to text for details. 
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The commonly used procedures for trimethylsilylation of purines and pyrimidines 
involve heating the silylation mixtures at 120-150°C for 30min or longer time 
(Lakings and Gehrke, 1971; Miller et. al., 1976; Dizdaroglu, 1993). In order to 
minimize possible artefactual oxidation/deamination of the nucleosides, 
derivatization of the nucleosides was carried out at room temperature using 
acetonitrile and BSTFA in the presence of ethanethiol (Jenner et. al., 1998). 6-
Methylflavone, which does not undergo derivatization, was used as internal standard 
to study the time course of trimethylsilylation of the nucleosides. Figure 42 shows 
that the trimethylsilylation of these nucleosides approaches a maximum after about 
20hr for 2’-deoxyinosine, 16hr for 2’-deoxyadenosine and 2-amino-2’-











































































































Figure 42 Time course of derivatization of nucleosides. 2.5nmol of 2’-deoxyinosine, 2.5nmol of 2-
amino-2’-deoxyadenosine and 100nmol 2’-deoxyadenosine were derivatized separately in the 
presence of acetonitrile/ethanethiol/BSTFA with 10nmol and 100nmol of 6-methylflavone, 
respectively as internal standard. Aliquots of 1µl were subjected to GC/MS analysis at different times. 
Each data point represents the mean ± S.D. for three or four separate samples.  
5.1.3. Enzymatic Hydrolysis of DNA to Release Nucleosides 
Several experiments were undertaken to determine (1) whether there is any artefact 
during hydrolysis and (2) whether loss of nucleosides occurs during hydrolysis.   
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Hydrolysis of DNA to release nucleosides was performed using nuclease P1 and calf 
intestine alkaline phosphatase. Since Hofer and Möller (2002) showed that DNA 
hydrolysis using this combination of enzymes is poor below 37°C, DNA digestion 
was carried out at 50°C. This hydrolytic condition causes spontaneous DNA 
deamination during the period studied as salmon testis DNA (pH 5.3) incubated at 
50°C for various amounts of time (up to 4h) was observed to have increasing 
amounts of 2’-deoxyinosine after hydrolysis. As artefactual formation of 2’-
deoxyinosine has been reported to occur with the use of some batches of alkaline 
phosphatase (Dong et. al., 2003), 2’-deoxyadenosine was incubated with nuclease 
P1 and alkaline phosphatase for various times (0-4h) at 50°C, and the formation of 
2’-deoxyinosine was monitored. Formation of 2’-deoxyinosine was observed during 
the incubation period (Figure 43) and was inhibited by addition of erythro-9-(2-































Figure 43 220nmol of 2’-deoxyadenosine was incubated with NP1/CIAP for various hours (0-4 hr) 
and 2’-deoxyinosine levels was measured using GC/MS and is represented as dIno/105 dAdo. The 
formation of 2’-deoxyinosine was found to increase in a time-dependent manner. Each data point 
represents the average of two separate samples differing by < 17%.  
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Figure 44 900nmol of 2’-deoxyadenosine was incubated with or without NP1/CIAP in the presence 
of various concentrations of EHNA for 4.5hours and 2’-deoxyinosine formation monitored by 
GC/MS. The formation of 2’-deoxyinosine was completely inhibited by EHNA at concentrations 
above 100µM. Each data point represents the average of two separate samples differing by < 28%.  
No significant degradation of 2’-deoxyinosine during the DNA hydrolysis was 
observed when we incubated 2’-deoxyinosine with nuclease P1 and alkaline 
phosphatase for various times (0-4hr).  
5.1.4. GC/MS Analysis with HPLC-Prepurification of Nucleosides 
As the M+ and (M-15)+ ions of derivatized 2’-deoxyinosine were also observed in 
the derivatized 2’-deoxyguanosine and therefore affect the quantification, HPLC 
prepurification of nucleosides was carried out after the enzymatic hydrolysis before 
GC/MS analysis to eliminate artefacts. We purified the nucleosides from digested 
DNA samples by collecting the fractions according to the determined elution times 
for the nucleosides: 2’-deoxyinosine 29.8min; 2’-deoxyadenosine 44.4min (Figure 
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45). 2-amino-2’-deoxyadenosine was added to the nucleoside fractions as internal 
standard. These samples were freeze-dried and analyzed using GC/MS. 
 
Figure 45 Reversed-phase HPLC separation of nucleosides using authentic standards. DNA 
nucleosides were separated using C18 HPLC column with elution performed as described in the 
Materials and Methods. The nucleosides were collected at their respective elution times before 
GC/MS analysis. 
Calibration standards were prepared in a similar ways to the samples (i.e. HPLC 
prepurification) before analysis. Regression analysis of the peak area ratio versus the 
amount ratio for 2’-deoxyinosine and 2’-deoxyadenosine yielded a linear plot with a 



















































































































Figure 46 Standard curves for selected ion monitoring of (A) 2’-deoxyinosine and (B) 2’-
deoxyadenosine. Mixtures of either 2’-deoxyinosine or 2’-deoxyadenosine and 2-amino-2’-
deoxyadenosine were derivatized and analyzed by GC/MS. The ratio of the peaks exhibited by ions 
m/z 468 and 554 (for 2’-deoxyinosine) or m/z 467 and 554 (for 2’-deoxyadenosine) were plotted as a 
function of the molar compositions of the mixtures analyzed. Each data point represents the average 
of two separate samples differing by < 19%.  
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The background level of 2’-deoxyinosine in the commercial salmon testis DNA after 
these procedures was observed to be 6 ± 1 dIno/106 dAdo (n = 6) .  
5.1.5. Artifacts Associated with the GC/MS Analysis of Nucleosides 
5.1.5.1. Interference from 2’-Deoxyguanosine Contamination 
The molecular and qualifier ion of 2’-deoxyinosine used in the GC/MS analysis was 
468.3 and 453.3 respectively. These ions were, however, also present in the 
derivatized 2’-deoxyguanosine (Figure 47), and not in other major nucleosides e.g. 
2’-deoxycytidine, 2’-deoxyadenosine and 2’-deoxythymidine. Several other 
characteristic ions of 2’-deoxyinosine i.e. m/z 193.1, 209.1, 236.9 were also found to 
be present in the purified 2’-deoxyguanosine that was derivatized (not shown), 
suggesting that 2’-deoxyinosine might form during derivatization of 2’-
deoxyguanosine, although further experiments are necessary to confirm the 
formation of 2’-deoxyinosine from 2’-deoxyguanosine. It might also be possible that 
these ions merely represent some breakdown products of derivatized 2’-
deoxyguanosine which possess the same m/z as derivatized 2’-deoxyinosine. 




Figure 47 Gas chromatogram of purified 2’-deoxyguanosine. The molecular and qualifier ions of 2’-
deoxyinosine (m/z 468.3 and 453.3) were both detected at retention time 6.88min in this nucleoside, 
hence interfering with the analysis of 2’-deoxyinosine. 
Due to the formation of such contaminating compounds from 2’-deoxyguanosine 
during derivatization at room temperature, HPLC prepurification of nucleosides was 
carried out after the enzymatic hydrolysis before GC/MS analysis. 
5.1.5.2. Artefactual Formation of 2’-Deoxyinosine during Enzymatic 
Hydrolysis 
Some commercially available alkaline phosphatases have been claimed to be 
contaminated with adenosine deaminase which can be inactivated by heat treatment 
of the enzyme preparations at 95°C for 10min (Kuo et. al., 1980). However, such 
treated calf intestine alkaline phosphatase (CIAP) consistently released less 
nucleoside than expected (not shown). At the initial stage of our analysis, no 
formation of 2’-deoxyinosine was observed during the incubation of 40nmol of 2’-
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deoxyadenosine with nuclease p1 and calf intestinal alkaline phosphatase. This 
enzymic hydrolytic condition has given rise to 2’-deoxyinosine levels which range 
from 16 (salmon testis) to 43 (rat heart) dIno/105 dAdo. However, with detection 
limit of 0.01nmol, this earlier assay only demonstrated that no more than one 2’-
deoxyinosine would form in 4000 2’-deoxyadenosine, i.e. no more than 25 2’-
deoxyinosine was detected for every 105 2’-deoxyadenosine after enzymic 
incubation. As a result, the possibility of artefactual 2’-deoxyinosine formation 
cannot be ruled out completely. 
Indeed, in later experiment where larger amount of 2’-deoxyadenosine i.e. 220nmol 
(which approximates to 350µg DNA) was used, 2’-deoxyinosine formation was 
observed. Note that the level of 2’-deoxyinosine at 1.5hr is approximately 20 
dIno/105 dAdo (Figure 43). This level is similar to that observed in 300µg salmon 
testis DNA (16 dIno/105 dAdo) after 1.5hr of enzymic hydrolysis using nuclease P1 
and calf intestine alkaline phosphatase, therefore, earlier levels observed have 
mostly or totally been attributed to artifacts. In later experiments, addition of EHNA 
completely inhibits the formation of such artifact.  
5.1.6. Formation of 2’-Deoxyinosine in DNA Treated with Micromolar 
Nitrous Acid 
Salmon testis DNA at pH 4 was incubated with 0-500µM NaNO2. We observed a 
dose-dependent increase in the levels of 2’-deoxyinosine under the conditions 
examined (Figure 48).  


































Figure 48 Salmon testis DNA in solution pH 4 was treated with increasing concentration of NaNO2 
(0-500µM) and then precipitated, the 2’-deoxyinosine levels measured by GC/MS after enzymatic 
hydrolysis and derivatization of the nucleosides. The levels of 2’-deoxyinosine were significantly 
higher in the NaNO2-treated DNA when compared to controls (* P<0.005). Each data point 
represents the mean ± S.D. for three separate samples.  
5.1.7. Lipopolysaccharide-Treated Rat – an Animal Model of Nitrosative 
Stress 
Lipopolysaccharide (LPS) is well-known to result in the upregulation of iNOS and 
increased formation of NO• and ROS (Liu et. al., 1993; Gardiner et. al., 1995; 
Crespo et. al., 1999; Zhang et. al., 2000; Kan et. al., 2004). There is substantial 
evidence that much of the cytotoxicity in sepsis induced by bacterial 
lipopolysaccharide is caused by a concerted action of these reactive oxygen and 
nitrogen species. NO• in particular readily reacts with O2•  ⎯⎯ to form peroxynitrite 
(ONOO–) or with oxygen to form N2O3 that can attack DNA.  
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Using our GC/MS method for 2’-deoxyinosine, we attempted to answer the question 
of whether there was increased DNA deamination in some of the vital organs of rats 
treated with bacterial lipopolysaccharide. The levels of 2’-deoxyinosine in both 
hepatic and renal DNA were measured (Table 6). Similar levels of 2’-deoxyinosine 
were observed in the both the control and LPS-treated (50mg/kg) rats for both types 
of DNA. Even rats treated with 100mg/kg of LPS (11 ± 4 dIno/106 dAdo, n = 3) did 
not show a marked increase in the 2’-deoxyinosine in their renal DNA, despite the 
fact that NO• production increased enormously as indicated by the plasma levels of 













   
Rat Hepatic DNA 
 
4 ± 1  4 ± 1  0.56 
Rat Renal DNA 
 
7 ± 2  11 ± 4  0.27 
    
Table 6 Comparison of 2’-deoxyinosine levels in DNA from 2 organs in both control and LPS-treated 
rats. 50mg/kg LPS was injected intravenously into Sprague-Dawley rats (n=4) and the animals 
sacrificed 4-5hr after injection. DNA was isolated using DNAzol from liver and kidney for analysis 
by GC/MS. The levels of 2’-deoxyinosine in both the hepatic and renal DNA of LPS-treated rat was 
not found to be significantly higher when compared to that of control rat. Each data point represents 
the mean ± S.D. for four independent samples.  

























































Figure 49 Comparison of plasma NO2⎯   and NO3⎯   levels in both control and LPS-treated rats. 50mg/kg 
or 100mg/kg LPS was injected intravenously into Sprague-Dawley rats (n=3), and the animals were 
sacrificed 4-5hr after injection. The plasma was analyzed using Griess Assay. Both NO2⎯   and NO3⎯   
levels were significantly higher (* P<0.05) when compared to that of control rat. Each data point 
represents the mean ± S.D. for three independent samples.  
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5.1.8. Lipopolysaccharide-Treated Rat – an Animal Model of Oxidative 
Stress 
Analysis of the hepatic DNA revealed no difference in levels of DNA oxidation 
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Figure 50 Comparison of DNA oxidation products from liver in both control and LPS-treated rats. 
0.9% NaCl, 50mg/kg LPS or 100mg/kg LPS was injected intravenously into Sprague-Dawley rats 
(n=3) and the animals sacrificed 4-5hr after injection. DNA was isolated using DNAzol for analysis 
by GC/MS. The levels of several oxidation products in LPS-treated rats were not found to be 
significantly higher when compared to that of control rats. Each data point represents the mean ± S.D. 
for three independent samples. 5-Formyl Uracil and 5-OH Uracil were present at levels that were too 
low for detection. 
However, analysis of the renal DNA showed that significantly higher levels of DNA 
oxidation products occur in the LPS-treated rats when compared to controls (Figure 
51). In particular, Fapy Adenine, 8-OH Adenine, 5-OH Cytosine, 8-OH Guanine and 
Fapy Guanine were all found to be higher in both 50mg/kg and 100mg/kg LPS-
treated rat (with the exception of 8-OH Adenine in 50mg/kg LPS-treated rat) 
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Figure 51 Comparison of DNA oxidation products from kidney in both control and LPS-treated rats. 
0.9% NaCl, 50mg/kg LPS or 100mg/kg LPS was injected intravenously into Sprague-Dawley rats  
(n=3) and the animals sacrificed 4-5hr after injection. DNA was isolated using DNAzol for analysis 
by GC/MS. The levels of several oxidation products in LPS-treated rats were found to be 
significantly higher (* P<0.05) when compared to that of control rats. Each data point represents the 
mean ± S.D. for three independent samples. 5-Formyl Uracil and 5-OH Uracil were present at levels 
that were too low for detection. 
5.2 Discussion 
5.2.1. Development of GC/MS Assay for the Detection of 2’-Deoxyinosine  
We developed a simple and specific assay for the detection of 2’-deoxyinosine based 
on GC/MS. The assay employs nuclease P1 and alkaline phosphatase to achieve 
complete release of derivatizable nucleosides from DNA and relies on GC-EIMS to 
separate and detect these nucleosides. The method was validated by using a standard 
curve of 2’-deoxyinosine with 2-amino-2’-deoxyadenosine as internal standard. It 
would be ideal to use isotopic standards when they become available. Our method 
could detect formation of 2’-deoxyinosine in DNA treated with increasing 
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concentrations of NaNO2. To deaminate DNA, NO2⎯   must be converted into nitrous 
acid or oxides of nitrogen, a process which occurs only at pH values below 5. Hence, 
the use of acidic pH in this experiment is crucial. Attempts were taken to make sure 
that artefacts in the quantitative measurement of 2’-deoxyinosine were minimized, if 
not avoided. These measures include use of low temperature for the derivatization 
and prepurification to remove unmodified 2’-deoxyribonucleosides. 
Many previous studies that have measured the levels of xanthine and hypoxanthine 
in DNA are based on GC/MS analysis. The levels reported vary from 0.005 to 
39.3nmol/mg DNA for xanthine and 0.012 to 20nmol/mg DNA for hypoxanthine in 
commercial or cellular DNA (Olinski et. al., 1992; Toyokuni et. al., 1994; Spencer 
et. al., 1995; Spencer et. al., 1996; Lyras et. al., 1997; Abalea et. al., 1998; Lyras et. 
al., 1998; Rehman et. al., 1999; Whiteman et. al., 1999; Alam et. al., 2000; Spencer 
et. al., 2000; Ferger et. al., 2001; Dong et. al., 2003; Li et. al., 2005), most giving 
values of at least 0.1nmol/mg DNA which seems high. Our analysis of the DNA 
isolated from rat liver and kidney gave damage levels of 0.003 and 0.005nmol/mg 
DNA respectively. Dong et. al. (2003) used enzymatic digestion of DNA to release 
the nucleosides, which were then separated using HPLC and analyzed using LC-MS 
and found 11 ± 6 dIno/106 DNA nucleosides in plasmid DNA while the levels 
shown in our laboratory with the salmon testis DNA were 14 ± 3 dIno/107 DNA 
nucleosides.  
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5.2.2. Lipopolysaccharide-induced DNA Damage in Rat 
The administration of LPS to animals is commonly employed as a means of 
simulating the systemic response to infection. We demonstrate here the absence of 
increased DNA deamination measured as 2’-deoxyinosine in renal and hepatic DNA 
when the rat was injected intravenously with 50mg/kg of E. coli LPS despite the 
heavy exposure of these organs to nitrite/nitrate in LPS-treated rats. Indeed, we 
observed in LPS-treated rat a marked increase in NO2⎯   and NO3⎯   levels in both liver 
and kidney (Figure 52). Similarly, several labs have reported a higher expression 
level of iNOS protein in LPS-treated rat (Liu et. al., 1993; Crespo et. al., 1999; 
Zhang et. al., 2000; Kan et. al., 2004). While exposure of cells to LPS has been 
shown to induce DNA deamination (deRojas-Walker et. al., 1995), we demonstrate 
that LPS-treated rats did not show increased levels of 2’-deoxyinosine. 
 
































































Figure 52 Comparison of NO2⎯   (A) and NO3⎯   (B) levels in kidney and liver of both control and LPS-
treated rats. 50mg/kg LPS or 100mg/kg was injected intravenously into Sprague-Dawley rats and the 
animals sacrificed 4-5hr after injection. The tissue homogenate was analyzed using Griess Assay. 
Both NO2⎯   and NO3⎯   levels were significantly higher (* P<0.05) when compared to that of control rat. 
Each data point represents the mean ± S.D. for three independent samples.  
In contrast to DNA deamination, DNA oxidation was observed in the kidney of 
LPS-treated rat. Analysis by GC/MS revealed significantly higher amount of 8-OH 
Guanine, Fapy Guanine, 5-OH Cytosine, Fapy Adenine and 8-OH Adenine in LPS-
treated rat. This suggests that oxidative stress may be more dominant compared to 
nitrosative stress in kidney of LPS-treated rat. 
A 
B 
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One of the consequences of DNA deamination would be the activation of DNA 
repair mechanisms. 2’-Deoxyinosine in DNA was first found to be removed by 
hypoxanthine DNA glycosylase, which has been partially purified from E. coli as 
well as eukaryotic sources (Karran and Lindahl, 1978; Karran and Lindahl, 1980; 
Myrnes et. al., 1982; Harosh and Sperling, 1988). Hypoxanthine was later reported 
to be also released by E. coli alkyladenine DNA glycosylase (AlkA) (Saparbaev and 
Laval, 1994). The eukaryotic homolog of AlkA, 3-methyladenine DNA glycosylase, 
readily releases hypoxanthine from deoxyinosine-containing DNA (Saparbaev and 
Laval, 1994; Saparbaev et. al., 2000). A deoxyinosine specific endonuclease from E. 
coli, deoxyinosine 3’-endonuclease was also identified and purified (Yao et. al., 
1994). This enzyme, also known as Endonuclease V, is a major enzyme that 
recognizes hypoxanthine (Yao et. al., 1994; Yao and Kow, 1995). It hydrolyzes the 
second phosphodiester bond 3’ to the deoxyinosine residue and initiates repair. In 
contrast to hypoxanthine DNA glycosylase, it does not remove the lesion from the 
DNA (Yao et. al., 1994). 
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CHAPTER 6 CONCLUSION 
Our data represent the second report (Anson et. al., 1999) which shows that a 
possibility exists that mtDNA damage is not higher than nDNA damage. We 
demonstrated a higher level of 8-OH Guanine in nDNA than in mtDNA. Three other 
lesions – Fapy Guanine, Fapy Adenine and 5-OH Cytosine were found to be 
statistically significantly higher in nDNA than in mtDNA.  
While mitochondria are major sources of ROS generation in an organism, artefactual 
oxidation of biomolecules during isolation of mitochondria does not appear to occur, 
although our data cannot completely rule it out since it was not possible to look at 
mtDNA. In the isolation of rat liver mitochondria, generation of hydrogen peroxide 
was not found to occur and artefactual oxidation of protein was observed to be 
minimal, if not absent. Nor was DNA and lipid oxidation observed in tissue 
homogenates. Our results suggest that if liver mitochondria do produce ROS 
physiologically, these ROS are mostly scavenged by antioxidant defense systems 
and little or no H2O2 escapes to cause damage to biomolecules.  
Thus while future work in our and other laboratories will continue to refine our 
knowledge of the oxidative damage in DNA, literature claims that mtDNA damage 
is more extensive than nDNA need reconsideration.  
In the study of DNA deamination, we demonstrated the occurrence of artefactual 
formation of 2’-deoxyinosine during the process of DNA hydrolysis by hot formic 
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acid, and thereafter, developed an improved method to detect and quantitatively 
measure the 2’-deoxyinosine using GC/MS. This assay detected a higher level of 2’-
deoxyinosine in nitrous acid-treated salmon testes DNA when compared to controls. 
However, this deamination product was not found to be increased in hepatic or renal 
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